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OCFlCL OF THE PROVOST 

This Annual Report on materials r e sea rch  and development activities 
a t  MIT, as well a s  related work in the Lincoln Laboratory, the Instrumen- 
tation Laboratory, and the National Magnet Laboratory, brings together in 
one volume work of most  of the faculty members  and research  groups in- 
terested in materials.  
Center for  Materials Science and Engineering and is intended to give a com- 
prehensive view of such activities on the campus. 

research  on materials a t  MIT and a sufficiently specific description of each 
research  effort to be useful to the specialists. 

It was prepared for the MIT community by the 

It is the aim of this report  to provide both a general view of the 

Materials science and engineering activities are an  important aspect 
of the teaching and research  programs in many departments of the School 
of Science and the School of Engineering, including the Departments of 
Chemistry, Physics , Civil Engineering, Mechanical Engineering , Electrical 
Engineering, Metallurgy and Materials Science, Aeronautics and Astro- 
nautics, Chemical Engineering and Nuclear Engineering, so that this field 
represents one of the most extensive and all-pervading activities on the 
MIT campus. This, in fact, has always been the case, but whereas in 
former times there was very little of common interest  to draw various 
activities together, the advances in the fundamental understanding of the 
nature of matter have provided an underlying base upon which many of these 
activities now build. Each feeds the other to a much greater extent than 
ever before, and the activities of the departments now overlap to some 
extent, although with differences in motivation and emphasis, as in the case, 
for example, in the field of electronic properties of materials where the 
Departments of Metallurgy and Materials Science, Electrical  Engineering, 

and Physics a r e  deeply involved. This report  attempts to reflect both the 
extensiveness of the materials science and engineering activities at  MIT 
and the growing interrelationships among the areas .  

March 1970 
Jerome B. Wiesner, Provost 
Massachusetts Institute of Technology 
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INTRODUCTION 

This is the ninth in the ser ies  of Annual Reports on Research in 
Materials a t  the Massachusetts Institute of Technology, issued on behalf of 
the Institute by the Center for Materials Science and Engineering. 

materials in the academic departments of the Schools of Science and En- 
gineering, the Research Laboratory for Electronics, the National Magnet 
Laboratory, the Instrumentation Laboratory, and the Lincoln Laboratory. 

through support extencfed the Massachusetts Institute of Technology by various 
industrial companies and by many agencies of the United States Government. 
Specific sponsorship is acknowledged in each individual section of each report .  

The work in the academic departments and the Research Laboratory 
of Electronics, Professor H. J. Zimmermann, Director, has been grouped 
for convenience under the following section headings : 

The report  describes the research  conducted a t  MIT in the field of 

The research  reported in this document was made possible, in part, 

Section A Chemical and Solid State Physics 
Section B Electrical, Magnetic, and Optical Properties of Materials 

and Application to Devices 
Section C Metallurgy and Materials Science 
Section D Materials Engineering 
Much of the above work, but by no means all ,  has been carr ied out 

since 1965 in the Center for Materials Science and Engineering, an inter-  
disciplinary laboratory involving a majority of the departments of the schools 
of science and engineering. 
assistance of the Advanced Research Projects Agency of the Department of 
Defense to promote and support interdisciplinary research  and education in 
materials. 

The work in the three special laboratories is presented in the following 

Section E National Magnet Laboratory, Professor B. Lax, Director 
Section F Instrumentation Laboratory, Professor C .  S. Draper, 

Section G Lincoln Laboratory, Dr.  M. U. Clauser,  Director 
The National Magnet Laboratory operates in many respects in an 

interdisciplinary fashion; a significant portion of i ts  studies a r e  concerned 

The Center was established in 1961 with the 

sections: 

Dire c tor 
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with materials and their behavior. The Instrumentation Laboratory, while 
active in a broad a rea  of applied research  and development, also supports 
some basic studies in materials; these studies and programs a r e  described 
in this report. 

At MIT there are a great many facilities which are intended primarily 
for support of specific research  programs, but which a r e  also available to 
the entire Institute and to the Center for Materials Science and Engineering 
for research and teaching in the field of materials.  These services and 
activities supplement in an important way the overall effort in materials 
research. 

The several  Central Facilities for materials preparation and evaluation, 
which were established in the Center for Materials Science and Engineering 
through ARPA support, permit the production and characterization of a 
broad spectrum of special materials for an equally broad range of uses; 
these facilities a r e  not only staffed by experts in the respective fields, but 
have some of the most modern and efficient equipment available anywhere. 
These Central  Facilities are described in Section H of this report. 

The Administrative Office of the Center for Materials Science and 
Engineering is responsible for issuing this report  on behalf of the Institute. 
Requests for copies of the report  should be addressed to M r .  Elwood W. 
Schafer, Administrative Office of the Center for Materials Science and 
Engineering, Room 13-2145, MIT, Cambridge, Massachusetts 02139. 

This report  is possible only through the cooperation and prompt 
response of the many contributors. Such cooperation has made our task 
not only an  easier  one, but a pleasant one. 

Nicholas J .  Grant, Director 
Center for Materials Science, and Engineering 

March 1970 
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SECTION A 

CHEMICAL AND SOLID STATE PHYSICS 

I. SOLID STATE MOLECULAR THEORY GROUP 
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National Science Foundation, GP-7677, DSR 70607 

Research Report. 
In  l ine with our previous ARPA Reports, we indicate the fields of inter- 

est of  the members  of the group by listing the titles of the contributions to 
our Progress Reports issued during the year ,  namely Semi-Annual Progress 
Reports Nos. 70  and 71 issued on January 15, 1969 and July 15 ,  1969 respect- 
ively. 
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R. Gilmore, Construction of Weight Spaces for Irreducible Representations 
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R. Gilmore, Construction of Weight Space Diagrams, 71 
K. H. 

K. H. 

K. H. 

K. H. 

K. H. 

B. W. 

Johnson, The Electronic Structure of Cesium Chloride Type Inter- 
Metallic Compounds I. Program of Theoretical Research and Prel im in- 
a r y  Relativistic Bands, 70 

Johnson and J. W. Connolly, The Localized Electronic Structure of Cry- 
s ta l  Imperfections 11. The Bound States of Surface and Line Defects, 70 

Johnson, Scattering Model of Molecular Electronic Structure 11. Over- 
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Operator,  71 
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' 

- 

J. C. Slater,  Present  Status of the Xor Statistical Exchange, 71 

Publications 
P. D. DeCicco and F. A. Johnson, The Quantum Theory of Lattice Dynamics 

IV. Proc. Roy. SOC. A=, 111-119 (1969) 
K. H. Johnson, The Energy Bands and Fe rmi  Surfaces of IB-IIB Beta-Phase 

Alloys, in Energy Bands in Metals and Alloys,  (Gordon and Breach 
Science Publishers,  Inc. , New Y o r k ,  1968 p. 105) 

K. H. Johnson, Scattering Model for the Bound Electronic States of an Impur- 
ity Complex in a Crystal ,  Intern. J. Quantum Chem. - 25, 233 (1968) 

K. H. Johnson, Extension of the Korringa-Kohn-Rostoker Method to the Impur- 
ity Problem, Phys. Let ters  a, 138 (1968) 

K. H. Johnson and J. W. Connolly, On Calculating the Localized Electronic 
States of Surface and Line Defects, Phys. Let ters  3, 291 (1908) 

K. H. Johnson and F. C. Smith, J r . ,  Scattering Model of Molecular Electronic 
Structure,  Phys. Rev. Let ters  22, 1168 (1969) 

J. C. Slater,  Review of the Energy Band Problem with Recent Results, from 
Energy Bands in Metals and Alloys , L. H. Bennett and J. T. Waber. eds. , 
Gordon and Breach, New York 1908. p. 1-17 
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J. C. Slater,  Energy Bands and the Theory of Solids, from Methods in Comp- 
utational Physics , vol. 8, ”Energy Bands of Solids”. B. Alder, S. Fern- 
bach. and M. Rotenberg, eds. , Academic Press, New York, 1968 p. 1-20 

J. C. Slater, T. M. Wilson and J. H. Wood, A Comparison of Several Exchange 
Potentials for  Electrons in the Cu’ Ion, Phys. Rev.=, 28 (1969) 

J. C. Slater, T. M. Wilson, and J. H. Wood, Non-Integral Occupation Numbers 
in Transition Atoms, Phys. Rev. (submitted for publication) 

J. C. Slater,  The Self-consistent Field for  Crystals,  Int. J. Quant. Chem. 
(submitted f o r  publication) 
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11. NONEQUILIBRIUM QUANTUM STATISTICAL MECHANICS 

Faculty: 
M. 0. Scully, Associate Professor,  Physics 

Visiting Lecturers:  
B. Josephson (Cambridge University) 
P. Kwok (I. B. M.) 
R. Bullough (University of Manchester) 

Research Staff: 
D. Kim, DSR Staff, Physics 
D. Hyman, Instructor,  Physics 
F. Hopf, Visiting Scientist 
H. Auvermann, Visiting Scientist 

Graduate Students:. 
I. Asher,  Research Assistant, Physics 
C. Boley. NSF Fellow, Physics 
J. Goldstein, Research Assistant, Physics 
R. Lang, Research Assistant, Physics 
P. Lee, Research Assistant, Physics 
J. Paul,  Teaching Assistant, Physics 
G. Tuthill, Danforth Fellow, Physics 
J. Blankinship, Senior Student, Physics 
C. Eng, Senior Student, Physics 
D. Limbert ,  Senior Student, Physics 
R. Gentala, Senior Student, Physics 
J. Stewart, Senior Student, Physics 
S. Nagel, Undergraduate Assistant, Physics 
3. Rudy, Undergraduate Assistant, Physics 

Support Staff: 
Susan Leonard, Secretary,  Center for  Materials Skience and Engineering 

Degrees Granted: 
J. Blankinship, S. B. , Physics,  June 1969 
C. Eng, S. B . ,  Physics,  June 1969 
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Sponsorship: 
Advanced Research Projects  Agency, SD-90, DSR 751 05 

National Aeronautics and Space Administration, Electrosics Research 
Center,  NGR-22-009-335, DSR 71450 

Research Reports 

1 . 0  Josephson Radiation, Superfluidity and the Laser  Threshold Region 
Personnel: Professor  M. 0. Scully ; D. Hyman and P. Lee 

1 ' 2  * 1.1 The Theory of Josephson Radiation 
In recent years  there has been considerable experimental activity in the 

study of the superconducting tunnel junction. Among the experiments perform- 
ed to date a r e  studies of the influence of an external micro-wave field on the 
junction, measurement of the Josephson radiation line-width, and precise 
measurements of e /h ,  the ratio between the electronic charge and Planck 's  
constant. On the more practical side, there  has been considerable interest  
in using the Josephson junction as a micro-wave or infra-red source and de- 
tector, although the important problem of overcoming the huge impedance mis-  
match between the junction and the outsidk world remains largely unsolved. 
Theoretical study of the junction, however, has not advanced much beyond the 
pioneer work of Josephson in  1962. 
the radiation field has always been used, and the noise properties of the junc- 
tion, particularly a t  low temperature,  have not been fully studied. 

We have undertaken the study of the Josephson junction in some detail. 
Using techniques developed for  the quantum theory of the laser ,  w e  have de- 
vised a theory that t a k e s  into account a quantized radiation field, a resonant 
lossy cavity, a s  w e l l  as an external DC current.  We find that, when we take 
into account relaxation of the radiation field and the macroscopic "phase" in 
the superconductor, a slight frequency pulling s imilar  to that in the laser re- 
sults. 
junction, f rom which an  expression for  the radiation line-width i s  readily ob- 
tained. At the present t ime effort is being spent toward applying field theor- 
etic techniques to the solution of cer ta in  aspects of the problem. 

In particular, a classical  description of 

W e  have also obtained the noise spectrum of the voltage ac ross  the 

3 1.2 Evaporation from Liquid Hell 

The experimental resul ts  of Professor  J. King and collaborators have 
raised several  questions concerning nonequilibrium processess  which occur  
in liquid HeII. 

the velocity distribution of vapor a toms was not understood. 
F o r  example, at the time of writing the 1968 technical report ,  

Stimulated by 
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considerations, a simple theory of evaporation from liquid HeII w a s  construct- 
ed, and used to i%Rlp? the experimental results of Johnston and King of the 
velocity distributions of atoms evaporating from Hen at  low temperatures. 
The Theory suggests that rotons are responsible for shifting the velocity dis- 
tributions to higher energies. In further investigations, we propose two new 
experiments that would test  our model, and provide 
ing excitations in liquid helium. 

new information concern- 

1.'3 Analogy Between the Laser  near Threshold and a Second Order  Phase 
Transition 
The quantum theory of a laser  oscillator has been the subject of recent 

4 

theoretical and experimental activity. 
the nonequilibrium statistical dynamics of the (single mode) l a se r  field a s  it 
interacts with the lasing medium. The physical situation i s  of a sufficiently 
complex nature to contain many aspects of a many-body problem, but it is 

simple enough to permit, to a good approximation, a complete solution. 
seems therefore attractive to consider whether the insight gained in the laser  
analysis can be usefully related to other problems in nonequilihrium statistical 
mechanics. 

The problem is basically to understand 

It 

A natural comparison may be made between second order  phase trans- 
itions, such as the order-disorder transitions of ferromagnetic and ferroelect- 
r ic  materials or the vapor-liquid transition of a pure fluid, and the laser  near 
threshold. 
bruptly upon passing through the threshold point. 
by a threshold population inversion. 
gressively larger ,  whereas the decay time of the fluctuations becomes longer, 
as the threshold is approached. 

The physical basis for this similari ty becomes evident when i t  i s  recalled 
that the usual treatments of l a s e r  behavior a r e  self-consistent field theories. 
In the laser  analysis w e  assume each atom evolves (develops a radiating dipole) 
in an  electromagnetic field due to all of the other atoms, and then calculate 
the field produced by many such evolving atoms in a self-consistent fashion. 
In this way the l a s e r  problem is similar to that of a ferromagnet in which each 
spin sees a mean magnetic field due to all the other spins and aligns itself 
accordingly, thus contributing to the average magnetic field. 

discussed using the language of second order phase transitions. 
in order  to emphasize the analogy between a ferromagnetic phase transition 
and the l a se r  threshold region, the l a se r  theory i s  extended to include the ef - 
fects of a classical  injected signal, which corresponds to an externally applied 

It is well known, for instance, that the state of a l a se r  changes a- 
This point is characterized 

The laser  field fhctuations becomes pro- 

Following this point of view, w e  have shown that the l a se r  theory can be 
Furthermore,  
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magnetic field in the ferromagnetic problem. 
sently being prepared. 

A physical review paper is pre- 

2. 0 Coherence and the Interaction of Radiation with Matter 
. Personnel: Professor M. 0. Sculfy ; D. Kim, J. Goldstein , R. Lang 

5 2 . 1  Description of a Many Atom System in te rms  of Coherent Boson States 
Many interesting aspects of atomic physics a r e  associated with atomic 

coherence, for example, Dicke’ s superradiance, optical pumping, photon echo, 
self-induced transparency, etc. 
iation field have been recently described in t e rms  of the so-called coherent 
states of a harmonic oscillator. These s ta tes  have provided a natural basis 
for description of coherence phenomenon in the theory of l a se r  and Jospehson 
oscil lators as well as certain aspects of superfluidity. In this work we demon- 
s t ra te  how the correlated o r  superradiant states of a N-atom or N-spin system 
can be described in a convenient and (hopefully) pedagogical fashion in te rms  
of coherent states of a boson field. We have shown that this description of the 
system provides u s  with the closest analog to the classical  limit. ‘The macro- 
scopic dipole operator in the coherent state representation is shown to obey 
the Blbck equation in which each of the three components i s  simultaneously 
well  defined. 

I The coherence properties of a quantized rad- 

6 2 . 2  On the Coherence Properties of Scattered Light 
The scattering of light has long been a useful method of studying the prop- 

e r t ies  of various materials. 
l a s e r s  as sources of highly coherent incident radiation and photo detection of 
the scattered light,  make possible the study of higher order  correlation prop- 
er t ies  of the scattered radiation; for  example, the work of Professor Benedek 
and co-workers. 
ation characterist ics of the scattered light as  calculated from various models 
of the physical processes involved. 

fluctuations. 
the medium and so produce the scattering. The scattered electric field may 
be shown to be directly proportional to &e dielectric constant fluctuation (the 
deviation of the local value of the dielectric constant from its mean value, av- 
eraged over the entire substance), and the thermodynamic theory of fluctuations 
indicates that the &electric constant fluctuation may be thought of as a random 
variable with a Gaussian probability distribution. Hence, one expects that the 
scattered electric field may also be considered a Gaussian random variable. 

New experimental techniques, such as the use of 

In the present work we a r e  concerned with some of the correl-  

The lack of perfect homogeneity i n a  pure substance is caused by thermal 
Fluctuations change the value of the local dielectric constant of 
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This result  supports the intuitive notion that since the total scattered field i s  
the sum of fields produced by a multitude of local dielectric constant fluctua- 
tions, occuring within a sample of macroscopic size,  by the central limit 
theorem of statist ics,  the total field ought to have a Gaussian probability dis- 
tribution regardless of the statistics of the dielectric constant fluctuation in 
each separate small region. 

In the present work, this idea i s  examined for  some particular scattering 
processes without directly using either thermodynamic fluctuation theory o r  
the central  limit theorem. 
examined by evaluating various electric field correlation functions. 
we a r e  investigating the properties of light scat tered from a system near its 
cri t ical  point. 

The statistical properties of the scattered light is 
Presently, 

3 . 0  Self-Induced Transparency and Coherent pulse Amplification 
Personnel: Professor M.O. Scully; F. Hopf, H. Auvermann, I. Asher, 

R. Gentala 

7 9 8  3 . 1  Transient Pulse Behavior and Self-Induced Tlflnsparency 
Using the theory developed in order  to deal with coherent pulse amplifi- 

cation, the dynamics of self-induced transparency in an inhomogeneously broad- 
ened attenuator is investigated with a special emphasis on delay times. One 
finds a strong dependence of delay times on the input value of the a rea  para- 
meter  0 with pulses of Bin = B exhibiting much larger  delay times than for 
Qin =  IT. This investigation i s  extended to include the effects of an atomic 
phase memory time TZ which i s  of the order  of 1 0  times the pulse width (i. e. 
in accord with current experimental circumstances). The variation of other 
parameters h a s  been considered, and a method of measuring 8 directly is 
discussed. 

3. 2 Coherence in the Amplification of Short Pulses (Experimental) 
Progress  i s  being made in conjunction with the NASA Cambridge group 

7 on setting up experiments to check our theoretical predications . 
Perot etalon and camera to photograph the mode structure of a Nitrogen cooled 
laser has been set  up. 
near future. 

A Fabry- 

Measurements on single pulses should be made in the 

4.0 Pbonons 
Personnel: Professor  M.O. Scully; F. Hopf, I. Asher 
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4 . 1  Acoustoelectric Amplification 
A s  discussed in the 1968 report ,  the amplification of acoustic waves in 

a piezoelectric semiconductor is being treated as a self-consistent field pro- 
blem. In continuing our  analysis, i t  has been found essential  to include the 
electron velocity distribution in the calculation. 
pler model merely increases  the f i r s t  o rder  gain, and lead to neither hole- 
burning o r  saturation. 

describe the electrons in the CdS rod. 
plex and can only be evaluated numerically. 
culation has been written using a double-precision Gaussian/ Hermite quadrac- 
u re  integration subroutine (the most accurate available) of 6.1. points. 
includes gain and saturation parameters ,  steady state power, and steady s ta te  
frequency pulling. 

Nonlinearities from any sim- 

The present calculation uses  a Maxwell-Boltzman distribution to initially 
The resulting integrals a r e  ra ther  com- 

A program to c a r r y  out the cal- 

Output 

9 4 . 2  Coherent Phonon Pulse Propagation 
Recent experiments using phonon pulses to investigate the self-induced 

transparency (S. I. T. ) effect has necessitated some theoretical work to deter-  
mine the effect of a second pass through the active medium. The theory nec- 
essary  for these calculatiork has been developed and the resulting equations 
are solved by numerical integration. 
is presented using delay t imes and attenuation curves.  
these curves with changing T2 and TI a r e  indicated. 
iated with a pulse interacting with a medium modified by a previous pulse a r e  
discussed. 
pulse and of the direction of t h  second pulse are treated. 
are the measurements of TI using multiple-pass techniques, and the possibil- 
ity of using these phenomena in a practical application to optical logical c i r -  
cuitry. 

The S. I. T. effect in a two-pass system 
The modification of 

Other problems assoc- 

In particular,  the questions of gain and absorption of the second 
Also discussed 

5.0 

Personnel: Professor  M. 0. Scully; D. Kim, D. Limbert  
Some Time Dependent Problems in Radiation Theory 

'5.1 Temporal Dependence of Laser  Statistics 
W o r k  is proceeding toward obtaining the laser photon statist ics as a 

function of the time lapsed since the laser was started.  
for  the density matr ix  elements an 
The time dependence of the moments <n(t)*> has  been obtained by numerical 
integration and a r e  in  good agreement with experiment. 

A direct  calculation 

( t )  has been carr ied out for certain cases.  .n  

' 
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5. 2 Influence of a Classical  Driving Field on tke Spontaneous Emission of 
An Excited Atom 
We are presently investigating the spectral  distrihx tion of spontaneously 

emitted radiation from an easemble of atoms which are driven by a strong, 
near-resonant c lass ical  field. Each atom is taken to have two relevant ex- 
cited states,  one of which is assumed to be metastable. When these two states 
are strongly coupled by a driving field, spontaneous emission from the excited 
state to a third (ground) s ta te  i s  significantly modifield. 
emission spectra from these two s ta tes  to the ground state is to be obtained 
by means of a Weisskopf-Wigner type of approximation. 

The spontaneous 

Publications : 
M. 0. Scully and P. Lee,  Frequency .pulling effects in Josephson radiation, 

Phys. Rev. Let ters  z, 23,1969. 
'P. Lee and M. 0. Scully, On radiation emitted from superconducting tunnel 

junctions, to appear in the published proceedings of the 1969 Meeting 
of the New York Academy of Sciences. 
submitted to ,the Physical Review. 

A more  complete paper will be 

D. Hyman, M. 0. Scully and A. Widom, Evaporation from superfluid helium, 
3 

Phys. Rev. , to appear Oct. 1969. 
and M. 0. Scully, Analogy between the laser near threshold 

and a second order  phase transition, Semi-Annual Progress  Report of 
the M. I. T., Solid State and Molecular Theory Croup, Spring 1969. 

in te rms  of coherent boson states ,  Phys. Rev. to appear Nov. 1969. 
J. Goldstein and M. 0. Scully, Coherence of scattered fight, Semi-Annual 

Progress  Report of the M. I. T. , Solid State and Molecular Theory Group, 
Spring 1969. 

medium, Phys. Rev. 179, 399,1969. 

ency. Phys. Rev., to appear . 

4V. DeGioPgio 

'R. Bonifacio, D. Kim and M. 0. Scully, Description of a many-atom system 

6 

7F. Hopf and M. 0. Scully, Theory of an inhomogeneously broadened amplifying 

F. Hopf and M. 0. Scully, Transient pulse behavior and self-induced transpar- 
a 

9F. Hopf, Coherent phonon pulse propagation, submitted to Phys. Rev. 
'OC. Boley and M. 0. . Scully, The statistical-mechanical resolution of a ther- 

modynamic paradox, Semi-Annual Progress  Report of M. I. T. , Solid 
State Molecular Theory Group, Spring 1969. 
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111. ATOMIC RESONANCE AND SCATTERING 

Faculty: 
D. Kleppner , Associate Professor,  Physics 

Research Staff: 
Dr .  D. E. Pritchard,  Instructor, Physics 
Dr .  M. T. Myint, D. S. R.  Research Staff, Center for Materials 

Science and Engineering 

Graduate Students: 
G.  M. Carter ,  Research Assistant, Physics 
F. Y. Chu, Research Assistant, Physics 
G. A.  Hawkins, Carl Taylor Compton Fellow 
E. Mattison, Research Assistant, Physics 
F. G. Walther, Research Assistant, Physics 
F. P. W i n k l e r ,  National Science Foundation Predoctoral Fellow 

Support Staff: 
Malinda Rieck, Secretary,  Center for Materials Science and 

Engineering 

Degrees Granted: 
G. M. Carter ,  S. M. February, 1969 

Sponsorship: 
Research L.aboratory of Electronics, supported by Joint Services 

Electronics Program under contract DA 28-043-AMC-02536 (E),  
DSR 70050 

Office of Naval Research, N 00014-67-A-0204-0006, DSR 70314 
National Science Foundation, G P  13633, DSR 71799 
Advanced Research Projects Agency, SD-90, DSR 75107 

1.0 LOW Energy Photon Counter 

Personnel: Professor D. Kleppner; Dr .  M. Than Myint, G. A.  Hawkins 
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Research Report 

We a r e  investigating the feasibility of a thin film superconducting 
device intended to respond to energy pu l ses  of 1 e V  o r  less. 
of 1 eV would permit it to count hydrogen atoms by detecting their  reac- 
tion energy when they undergo chemical combination on the detector's 
surface. Conceivably, the sensitivity w i l l  be 0. 1 e V  or  less ,  in which 
case  the device could operate a s  an infrared photon counter. 
provide an increase in sensitivity of many orders of magnitude over 
present infrared detectors. Applications for such a device would be 
numerous. 

A sensit  

This would 

W e  have successfully detected the energy loss  of penetrating 
alpha particles. 
energies we  have constructed a field emission electron source which 
produces electrons with a ra te  and energy which can be varied in- 
dependently. Our initial attempts to detect 300 e V  electrons were 
successful, and we a r e  continuing work towards lower energy. 

In order  to investigate operation of the detector at lower 

2 .  0 Magnetic Moment of the Proton 

Personnel: Professor Daniel Kleppner ; Frederick G. Walther, 
P. Frank Winkler 

Research Report 

The goal of this project was to measure the ratio of the magnetic 
moment of the proton to  that of the electron in  hydrogen to an  accuracy 
of 1 part in 10 . This work is now completed: the final result  is 
g (H)/g (H) = 658. 210705 (6) where the uncertainty is three times the 
statistical e r r o r  and represents an estimate of possible systematic effects. 
This result represents an improvement over the best previous measure- 
ment by a factor of 30. 

8 

3 P 

The hydrogen.maser used for this work is currently being 
modified to operate with deuterium. 
measuring g.(D)/g (D), and g (H)/g.(D). 

J P J J 

Experiments in progress include 

3. 0 Spin-Exchange Scattering 

Personnel: Professor D. Kleppner; Dr. D. E. Pritchard, Frank Chu, 
Gary M. Carter  
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Research Report 

We have completed our investigation of non-symmetric alkali- 

This work has yielded accurate values for the well alkali collisions. 
depth and position of the triplet potential, and information on the exchange 
potential between alkalis. It has a lso shed light on a controversy between 
the experimental and theoretical values of the alkali van der  W a a l s  
constant. 
extended to alkali-molecule collisions. 

The spin-exchange scattering studies a r e  currently being 

Theses: 
Gary Milton Carter ,  "Spin Exchange Collisions Between Alkali Atoms 

and Targets of-Arbitrary Spin is a Uniform Magnetic Field, 
February 1969. 

Publications : 
D. E. Pritchard,  "New Experimental Evidence on the Van der  Waals 

Interaction Between Alka l i s ,  I t  Proceedings of Sixth International 
Conference on the Physics of Electronic and Atomic Collisions, 
M.I. T. P r e s s ,  1969. 

D. E. Pritchard,  G. M. Carter ,  F. Y .  Chu, and D. Kleppner, "Different- 
ial Spin Exchange Scattering Between Alkali Atoms, ' '  Proceedings 
of Sixth International Conference on the Physics of Electronic and 
Atomic Collisions, M. I. T. Press, 1969. 

D. E.  Pritchard,  D. C. Burnham, G. M. Carter ,  and D. Kleppner, 
"Thermal Energy Crossed Beam Appara tus  with Polarized Beams, 
Proceedings of Sixth International Conference on the Physics of 
Electronic and Atomic Collisions, &I. I. T. Press ,  1969. 

D. Kleppner, R. F. C. Vessot and N. F. Ramsey, "An Orbiting Clock 
Experiment to  Measure the Gravitational Red Shift, Astrophysics 
and Space Science 2, to be published. 

1969'Institute for Theoretical Physics, Brandeis University 
(to be published). 

D. Kleppner, "Experiments with Atomic Hydrogen, I '  Proceedings of the 
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IV. NEUTRON DIFFRACTION AND NEUTRON PHYSICS STUDIES 

Faculty: 
C. G. Shull. Professor ,  Physics 

Research Staff: 
W. Just ,  DSR Staff, Physics 

Graduate Students : 
C. S. Schneider, Research Assistant, Physics 
R. C. Maglic, Research Assistant, Physics 
A. C. Nunes, Research Assistant, Physics 
C. Stassis,  Research Assistant, Physics 

Personnel who have left: 
R. Maglic (Now Argonne National Laboratory, Argonne, Illinois) 
A. C. Nunes (Now Brookhaven National Laboratory, Upton, New York) 
W. Just  (Now Vienna, Austria) 

Sponsors hip: 
U. S. Atomic Energy Commission, Contract AT(30-1)-3031, DSR 71564 

National Science Foundation, Grant GP-8303. DSR 70981 

Research Report 

1.0 High Temperature Study of Iron Magnetic Scattering 

Personnel: R. C. Maglic 
Sponsorship: National Science Foundation 

The polarized neutron diffraction technique has been used to study 
the ferromagnetic scattering by iron crystals  up to the Curie temperature of 
770°  C. 
was mounted in the vertical  field magnet gap on the polarized beam spectro- 
meter.  Great ca re  was taken to study extraneous effects that can enter into 
the measurements such as (a) the effect of simultaneous Bragg reflections, 
(b) the temperature dependence of extinction occuring in the specimen crystal  
and (c) the temperature dependence of neutron depolarization occuring within 

A high temperature vacuum furnace with temperature control to 1 O C 
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the crystal. Measurements on the (110) reflection, which is insensitive to 
changes in the spin density asymmetry, showed a temperature dependence 
slightly elevated above the accepted bulk magnetization. 
previous Mossbauer measurements have fallen somewhat lower than the mag- 
netization. ?&is i s  not surprising since the three independent measurements 
reflect different quantities: neutron scattering senses  the localized 3d electron 
magnetization, bulk magnetization corresponds to the total magnetization of 
all electron groups, and Mossbauer measurements correspond to the hyper- 
fine field a t  the nuclear s i te  produced by all  electronic processes. Further 
measurements w e r e  performed on the ( 2 2 2 )  and (400) reflections which are 
very  sensitive to changes in the spin density asymmetry around the nuclear 
si te in the unit cell. 
in the asymmetry parameter a s  the temperature was elevated to Tc. 

In contrast to this, 

These measurements indicated essentially no change 

2 . 0  Studies of ( 2 2 2 )  Forbidden Reflections in Germanium and Silicon 

Personnel: A. C. Nunes 
Sponsorship: U. S. Atomic Energy Commission 

A neutron study of the ( 2 2 2 )  Bragg reflection in germanium and 
silicon was carr ied out a t  temperatures up to 500" C. 
is normally forbidden (zero intensity i s  expected) by the lattice symmetry, 
which i s  that of the diamond structure. 
ments have shown the presence of a finite intensity which has been given inter- 
pretation in terms of (1) a non-centrosymmetric distortion of the electron 
charge density within the atoms o r  ( 2 )  a non-centrosymmetric type of thermal 
oscillation of the atom centers.  
sense only the second of fhese interpretative models. Past  experiments with 
neutrons have shown zero intensity a t  room temperature. The present study 
was directed a t  improving the sensitivity of the neutron observations and ele- 
vating the crystal  temperature thereby enhancing the magnitude of the effect. 
Perfect crystals  of silicon and nearly-perfect crystals of germanium were  us- 
ed and great care was expended in removing contaminating intensity effects 
that can a r i s e  from high-order wavelength components and from the presence 
of simultaneous reflection effects occuring in the crystal. Again even at  temp- 
e ra tures  as  high a s  500" C the neutron experiments have failed to detect fin- 
ite intensity and only an upper limit can be placed on the magnitude of the 
structure factor. 
magnitude of anharmonic te rms  in the description of the potential energy that 
an  atom sees in the unit cell. 

This Bragg reflection 

However, a number of x-ray experi- 

An equivalent observation with neutrons would 

This upper limit can be used to place an upper bound on the 

F o r  either silicon or germanium this limit is 
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considerably smaller  than that calculated using an Einstein model that accounts 
for the measured specific heat and thermal resistivity. 
smaller  than that expected by analogy with measured values in CaF2 and UOz. 
by Dawson and Willis. 

It is  also somewhat 

3 .  0 Study of the Kondo Effect in  Cu-Fe Alloys 

Personnel: Professor  C. G. Shull, C. Stassis 
Sponsorship: U. S. Atomic Energy Commission 

Polarized neutron scattering i s  being used to sense the development 
of the Kondo ordered state in dilute Fe in Cu alloys. It is thought that the iron 
impurity magnetic moment becomes compensated a t  low temperature by a con- 
duction electron cloud of opposite spin polarity. Neutron scattering studies 
to date have been concentrated on single crystals of 1000 parts per million Fe 
composition. Through application of an external magnetic field of 15  kilooer- 
steds,  the induced localized magnetization results in a magnetic scattering 
which i s  sensed by i ts  coherence with the nuclear scattering in Bragg reflec- 
tions. 
erature  is reduced through the Kondo temperature can be investigated. Pres-  
ent measurements have indicated (a) a substantial reduction of magnetic scat- 
tering at  low temperature in close agreement with the temperature dependence 
of the susceptibility and (b) a Kondo ordering temperature of about 10" K. 
Detailed interpretation of the results must await susceptibility measurements 
on the present specimens (these a r e  being carr ied out in Professor Sellmeyer' s 

laboratory) and on further neutron scattering measurements on other Bragg 
reflections and on other composition alloys. 

Thus the modification of the field-induced localized moment a s  the temp- 

* 

4.0 Study of Pendellosung Fringe Structure in Bragg Reflections of 
Silicon Crystals 

Personnel: Professor C. G. Shull 
Sponsorship: U. S. Atomic Energy Commission 

During the past year,  one of the neutron diffraction spectrometers 
a t  M. I. T. has been modified to permit further studies of the Pendellosung . 
fringe structure in Bragg reflections from perfect crystals. 
is  operated without a monochromating crystal  and white, full spectrum radi- 
ation is delivered through a long, narrow collimator (divergence about 3 min- 
utes of a rc )  to the test crystal. 

The spectrometer 

Radiation is passed into the crystal  (in Laue 



SECTION A - CHEMICAL AND SOLID-STATE PHYSICS 17 

arrangement with diffracting planes perpendicular to the entrance and exit 
faces) through a fine s l i t  opening fabricated with tapered gadolinium edges for 
high neutron absorption. 
with micrometer- controlled position for scanning across  the fringe structure 
within the Bragg reflection. With this system, fringe characterist ics have 
been measured over essentially the full spectrum from 0. 6 A to 1. 6 A wave- 
length. 
within the crystal  of coherently split beams and the path length within the cry- 
stal must be carefully controlled. 
of obtaining accurately parallel and flat surfaces without mosaic structure has 
resulted from the use of a new chemical polishing technique employed in Prof- 
essor  Witt' s laboratory. 
ing whether the neutron coherent wave front in passing through the crystal  is  
to be characterized a s  plilnar or spherical. Theory predicts a small  differ- 
ence in the fringe Characteristics for the two cases  and it i s  necessary to 
settle this fdamer t a l  question before the fringe structure can be used in a 
precision determination of the silicon scattering amplitude. 

An equivalent sl i t  opening i s  used on the exit face 

0 0 

The pendellosung fringe structure a r i s e s  from interference action 

Considerable improvement in the means 

Present  experiments have been directed a t  establish- 

5. 0 Neutron Diffraction by Crystals of InSb 

Personnel: Professor  C. G. Shull and W. Just 
Sponsorship : National Science Foundation 

Crystal  s l ices  of InSb have been examined in a double crystal  spec- 
trometer to study their  intrinsic rocking curve widths and the anomalous trans- 
mission that should occur when they a r e  in Bragg reflection. Two matched dices 
with (220) planes in transmission exhibited a rocking curve width of 1. 35  sec- 
onds of a r c  (full width half maximum intensity) for a neutron wavelength of 
1. 6A and this compares quite favorably with the calculated value of 1. 18 sec- 
onds from Darwin width evaluation. Thus the crystal  sl ices can be consider- 
ed nearly perfect in so far a s  satisfying dynamical diffraction theory cr i ter ia .  
A double detecting system was arranged a t  the spectrometer so that the trans- 
mitted beam through the second crystal  could be studied simultaneously with 
the Bragg beam.' Traverses  of the Bragg angle through the reflection showed 
the characterist ic asymmetrical  intensity distribution in the transmitted inten- 
sity with higher intensity on the smaller  angle side and lower intensity on the 
larger  angle side. 
demonstrates the modification of true absorption under near  Bragg conditions 
as predicted by dynamical theory. The quantitative interpretation of the mea- 
surements is being pursued. 

Since InSb offers moderate absorption for neutrons, th'is 
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Theses 

C. S. Schneider. "The Forward Magnetic Scattering Amplitude of Iron for  
Thermal Neutrons by P r i s m  Refraction", PhD, Department of 
Physics, February 1969. 

R. C. Maglic. "Tern perature Dependence of the Thermal Neutron Magnetic 
Scattering Amplitude," PhD, Department of Physics, June 1969. 

A. C. Nunes, "A Neutron Diffraction Search for Noncentrosymmetric Therm- 
al Oscillations in Germanium and Silicon", PhD, Department of 
Physics,  June 1969 

Publications 

C. G. Shull, "Observations of Pendellosung Fringe Structure in Neutron Dif- 
fraction". Phys. Rev. Let ters  21, 1585 (1968) 

C. G. Shull, "Neutm n Diffraction - A General Tool in Physicstt .  Proc. of 
Symposium on Current Problems in Neutlon Scattering, Centro 
Studi Nuclear Della Casaccia, Rome, September 1968. 

C. G. Shull, "Single Slit Diffraction of Neutrons", Phys. Rev. x, 752 (1969) 
Y. Ito and C. G. Shull, "Coherent Neutron Scattering by Cobalt with Nuclear 

Polarization", Phys. Rev. , September 1969. 
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V. THE SPECTRUM OF LJGHT SCATTERED BY: CRITICAL 
FLUCTUATIONS IN SOLIDS AND FLUIDS ; CONCENTRATION 
FLUCTUATIONS IN SOLUTIONS OF BIOL,OGICAL MACRO- 
MOLECULES ; AND DENSITY FLUCTUATIONS IN GASES 

Faculty: 
G. B. Benedek, Professor,  Physics 

Research Staff: 
V. DeGiorgio, NATO Fellow 
M. Giglio, Visiting Scientist, Center for Materials Science and 

J. B. Lastovka, D. S. R. Staff, Center for Materials Science and 
Engineering 

Engineering 

Foundation Fellow 
D. Schaefer , National Science Foundation Fellow and Sloan 

P. Schofield, Visiting Professor,  Department of Physics 
J. Zollweg, National Science Foundation Fellow 

Graduate Students: 
D. Cannell, Research Assistant, Physics 
N. Clark, Research Assistant, Physics 
S. B. Dubin, Research Assistant, Physics 
P. Lazay, Research Assistant, Physics 
J. Lunacek, Research Assistant, Physics 

Support Staff: 
Malinda Rieck, Secretary, Center for Materials Science and 

Engineering 

Degrees Granted: 
P. D. Lazay, Ph.D.. Physics, Feb. 1969 

( to  Bell Telephone Labs, Holmdel, N. J. ) . 

Sponsorship: 
Advanced Research Project Agency, SD-90, DSR 75102 

Sloan Fund for Basic Research in  the Physical Sciences 

u. s. Army Research Office-Durham, DAH C04-69-C-0034, DSR 71437 
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CRITICAL PHENOMENA I N  SOL,IDS AND FLUIDS 

1.0 Hypersonic Sound Waves in Ammonium Chloride Near i ts  Order- 
Disorder Transition 

Personnel: G. Benedek; Paul  Lazay 

Object : 

M r .  L,azay has succeeded in measuring the attenuation and the 
velocity of hypersonic i. e. , 10-15 kMC sound waves in  crystals of 
NH4C1 near i t s  cri t ical  point using the technique of high resolution 
Brillouin scattering of laser  light. 
his Ph. D. thesis written and accepted by the Physics Department and 
Dr. Lazay is now working at  Bell Telephone L,abs in Holmdel, N. J. 

This research has been completed, 

2. 0 Phonon Lifetimes in Ammonium Chloride 

Personnel: G. Benedek; J. H. L,unacek 

- Object: 

Mr .  Lunacek has measured, from the widths of the Brillouin 
components in the scattered light the lifetimes of -KMHz phonons at 
fifteen temperatures between - 30 C and room temperature. 
scattering angles he intends to determine Lifetimes of other frequency 
phonons to determine the characterist ic relaxation time of the phonon 
damping mechanism. Mr .  L'unacek and Mr .  N. Clark, have recently 
won the first  prize i n  the Apparatus Competition of the Annual Meeting 
of the American Association of Physics Teachers. 

0 By changing 

3. 0 Measurements of the Thermal Diffusivity and the Equation of 
State Near the Critical Point of Sulfur Hexafluoride 

Personnel: G. Benedek; J. B. Lastovka 

Object: 
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Dr. Lastovka has measured the intensity of the light scattered 
from SF near i t s  cri t ical  point along the liquid side of the coexistence 6 
curve and along an isochore parallel to the cri t ical  isochore. He has 
deduced from the data that the divergence of the isothermal compressibility. 
The exponent y '  for this divergence is Y '  liquid = 1. 139 f 0.015. 

finds y = y'  from the isochore whose density is (p - pc) /pc  - 0.4. 

measuring the density of the liquid he finds the exponent for the shape of 
the coexistence curve is p = 0. 33. 

density along the cri t ical  isotherm he has found 6 = 4.45 f 0. 1. He w i l l  
c a r ry  out similar measurements along isochores closer to the critical 
density. 
determine the divergence of the thermal conductivity. 

He also 

By 

By measuring the pressure and 

He wi l l  also measure the line width of the scattered light to 

4. 0 On the Divergence of the Compressibility and the Ornstein-Zernike 
Correlation Range in Xenon Near i t s  Critical Point 

Personnel: G. Benedek; M. Giglio 

Object: 

Dr .  Giglio has measured the angular dependence of the light 
scattered from Xenon near  i ts  cri t ical  point; verified the Ornstein-Zernike 
theory and determined the temperature dependence of the isothermal 
compressibility (xT); the long range correlation length ( 5 )  and the direct 
correlation range (R). 
and 5 a r e  respectively ytliquid = 1.228 f 0.028 yfVapor = 1.244 f 0.017 and 

been submitted to Physical Review Letters and Dr. Giglio has returned 
to the University of Milan. 

The exponents describing the divergences of u T  

R is essentially constant at - 6A. = 0. 57 f 0.05. This work has 'vapor 

_ _  
5.0 Viscosity and Surface Tension at a Gas-Liquid Interface Near the 

Critical Point 

Personnel: G. Benedek; J. Zollweg 

Object : 

. By studying the spectrum of light scattered from "ripplons" at the 
interface between the gas and liquid phases of a fluid one can measure,  
without touching the surface,  the surface tension and the viscosity of the 
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fluid. Both these quantities a r e  important indications of the nature 
of the cri t ical  state. 
necessary for the experiment. 

Dr.  Zollweg is now assembling the equipment 

6.0 Hypersonic Sound Velocity and Attenuation in Xenon Near its 
Critical Point 

Personnel: G. Benedek; D. Cannell 

Object: 

The spectrum of l a se r  light scattered by the adiabatic pressure 
fluctuations in pure Xenon has been measured along the cri t ical  isochore 
for temperatures ranging from 0. 100 C above the cri t ical  temperature, 
Tc, to a temperature of Tc t 20 C. The measurements were made using 
two high resolution spherical Fabry-Perot interferometers in tandem. 
This was necessary in order to resolve the weak adiabatic portion of the 
spectrum in the presence of the extremely intense Rayleigh component. 
For temperatures greater  than Tc t 4OC the spectrum was observed to 
consist of a normal Brillouin doublet and the spectrally unshifted Rayleigh 
component. In this case the frequency difference between the Rayleigh 
component and Brillouin component yields the sound velocity while the 

. width of the Brillouin component measure the sound damping. The ratio 
of the Rayleigh intensity to the Brillouin intensity is equal to (Cp/Cv) the 
rat io  of the specific heats. For temperatures less than Tc t 4OC, the 
spectrum contains in  addition, a relatively broad unshifted mode such 
as has been observed in liquids which undergo a structural relaxation. 
Mr. Cannell is analyzing the experimental data in t e rms  of the tempera- 
tu re  dependence of both the relaxing and non-relaxing portions of the 
hydrodynamic transport coefficients. 

0 

0 

PHYSICAL PROPERTIES OF BIOLOGICAL MACROMOL,ECULES 

7.0 Measurement of Molecular Weight of Bacteriophage Viruses 

Personnel: G. Benedek; S. B. Dubin 

Object: 

Using our measurements of the diffusion constant of the viruses 
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T4, T5, A and T w e  have been able to determine for the first time accurate 
values of the molecular weight of these genetically important bacterio- 
phages. 

7 

8.0 Denaturation of Lysozyme 

Personnel: G. Benedek; S. B. Dubin 

Object: 

By measuring the diffusion constant of lysozyme using the 
techniques of optical mixing spectroscopy we have been able to  follow 
the changes in conformation of thrs enzyme a s  a function of the concentra- 
tion of a denaturant: guanidinium hydrochloride. This work is casting 
an important light on the precise form of the break-up of this enzyme as 
it loses i t s  biological function. 
thesis. 

Mr .  Dubin is now writing his Ph. D. 

9.0 Hydrodynamic Properties of Tobacco Mosaic Virus  

Personnel: G. Benedek; D. Schaefer 

Ob j ed t : 

By measuring th,e precise shape of the non-Lorentzian spectrum of 
the light scattered from solutions of tobacco mosaic virus Dr. Schaefer 
has succeeded in deducing the average translational diffusion constant, 
and the rotational diffusion constant. A paper describing the experi- 
mental measurements and their analysis is now being written. 

EXPERIMENTAL INVESTIGATION OF THE BOLTZMANN EQUATION 

10. Spectrum of Light Scattered from Pure Xenon Gas and Mixtures 
of Xenon and Helium 

Personnel: G. Benedek; N. Clark 

Object: 

The theory of transport processes (electrical conductivity, thermal 



24 

conductivity, etc. ) of solids is based on the Boltzmann equation which 
w a s  developed for gases. 
experimentally the predictions of the Boltzmann equation in  gases to  
establish the range of validity of this fundamental equation. 
by studying the spectrum of light scattered by density fluctuations in 
Xenon gas and by mixtures of Xenon and helium. 
structed for this purpose a uniquely reliable frequency stabilized laser 
and high resolution Fabry-Perot spectrometer and has now obtained a 
very substantial number of measurements of the spectrum of the scattered 
light as a function of gas density. 
of the data and is now in the process of writing his thesis. 
was recently awarded, along with Mr .  J. Lunacek the first prize in 
the AAPT Aparatus Competition at the Annual Meeting of the American 
Physical Society. 

The present investigation is designed to study 

This is done 

Mr. Clark has con- 

Mr .  Clark has completed his analysis 
Mr .  Clark 

Theses: 
Paul Lazay, "The Rayleigh-Brillouin Spectrum of Ammonium Chloride, ' I  

Dec. 1968, Ph. D. Thesis, M. I. T. 

Publications : 
G. B. Benedek, "Thermal Fluctuations and the Scattering of Light, in  

Statistical Physics, Phase Transitions and Superfluidity, pg. 1, Ed. 
by M. Chretien, E. G r o s s  and S. Deser, Published by Gordon and 
Breach 1968. 

tions, I '  in Light Scattering Spectra of Solids, Ed. by G. B. Wright, 
Published by Springer'Terlag Inc., N. Y. 1969. 

G. B. Benedek, P. Lazay, N. Clark and J. H. Lunacek, "The 
Rayleigh- Brillouin Spectra of Ammonium Chloride, ' I  in Light 
Scattering Spectra of Solids, Ed. by G. 3. Wright, Published by 
Springer-Verlag, N. Y. 1969. 

Light Scatterirlg!;" Am. 5. Phys. L7, 853 (1969) 

Problems in Physics, Chemistry, Biology and Engineering, I' 

Polarization, Matter and Radiation, Kas t l e r  Jubilee Volume, 
Published by P res ses  Universitaire de France Paris 1969. 

6. B. Benedek, "The Spectrum of Light Scattered by Critical Fluctua- 

N. A. Clark and J. H. L,unacek, "A Study of Brownian Motion Using 

G. B. Benedek, "Optical Mixing Spectroscopy with Applications to 
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VI. EXPERIMENTAL STUDIES OF CRITICAL PHENOMENA AND 
ORDER-DISORDER PHASE TRANSITIONS 

Faculty: 

3. D. Litster,  Assistant Professor,  Physics 

Graduate Students: 
D. D. Berkner, Research Assistant, Physics 
J. T. Ho, Research Assistant, Physics 
T.R. Steger, N.  D. E. A. Fellow, Physics 
T. W. Stinson, 111, National ScienGe Foundation Fellow, Physics 

Senior Students : 
R. A. Pearson, Physics 
L. L. Perletz,  Physics 

Support Staff: 
Malinda Rieck, Secretary,  Center for Materials Science and Engineering 

Personnel who have left: 
J. T. Ho (Now Assistant Professor of Physics, University of 

Pennsylvania, Philadelphia, Pa. 1 9 104 ) 
R.A. Pearson 
L. L. Perletz 

Degrees Granted: 
J. T. Ho, Ph. D., Physics, September 1969 
R. A. Pearson, S. B. , Physics, June 1969 
L. L. Perletz,  S. B., Physics, June 1969 

Sponsorship : 
Advanced Projects Research Agency. SD-90, DSR 75101 
National Aeronautics and Space Administration NGR-22-009-182, 

DSR 76375 (February 1, 1969) 
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Research Reports 

1 .  0 Magneto-Optical Studies of the Critical Point 

Personnel: J. D. Li ts ter ;  D. D. Berkner, J. T. Ho, T. R .  Steger 

Object: 

To use the rotation of the plane of polarization (Faraday effect) of 
light transmitted by magnetic solids to study the temperature dependence 
of the susceptibility and field dependence of the magnetization near the 
cri t ical  point. 

Research Report: 

3 1 .  1 Faraday Rotation in CrBr 

We have completed measurements on CrBr A preliminary account 

of the results has been presented at the 1968 Conference on Magnetism and 
Magnetic Materials and published in the Journal of Applied Physics. 
detailed paper is in preparation. 

From this experiment we were able to determine the f i rs t  equation 
of state for an insulating ferromagnet in the cri t ical  region, and the most 
precise data for any substance near the cri t ical  point. 

3' 

A 

In collaboration with P. Schofield (Visiting Professor of Physics) 
we developed a parametric equation of state for the cri t ical  region. 
resulting equation is mathematically simple, clearly displays the relation- 
ship between thermodynamic quantities, and appears to be valid (within 
experimental e r r o r s )  for magnetic systems, pure fluids, and binary alloys 
in  the cri t ical  region. 
publication. 

The 

A preliminary account has been submitted for 

A detailed discussion of this experiment and results is to be 
found in  the Ph. D. thesis of J. T. Ho. 

1. 2 Faraday Rotation in YIG 

W e  have completed a ser ies  of preliminary measurements on 
yttrium iron garnet using Faraday rotation at  1. 151.1. 
reproducibility of our measurements to be unsatisfactory and traced this 

to temperature gradients in  our oven. The oven is being redesigned and 

W e  found the 
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we shall then determine the cri t ical  behavior of YIC. 

1 . 3  Critical Properties of EuS 

With a simple cubic structure and no anisotropy, EuS should be 
rather we l l  described by the Heisenberg model. We a r e  therefore greatly 
interested in  studying i t s  cri t ical  properties. We have observed a large 
Faraday effect in one sample and a r e  currently preparing a higher quality 
sample and calibrating our thermometer prior to making accurate measure- 
ments on this material. 

2.0 Phase Transitions in Liquid Crystals 

Personnel: J. D. Li ts ter ;  T. W. Stinson 

Object: 

To study the nature of order-disorder transitions in  liquid crystals 
and elucidate the similari t ies and differences between liquid crystals and 
other materials exhibiting cri t ical  behavior. 

Reseacch Report: 

We have used a high resolution spherical Fabry- Perot interferometer 
and a single frequency l a se r  to measure the time dependence of local 
fluctuations in order in the isotropic phase of a nematic liquid crystal. 
Our experiment shows that ordering in nematic liquid crystals has much 
in  common with order-disorder transitions in other systems. We find 
a crit ical  slowing of the fluctuations analogous to the cri t ical  slowing of 
spin fluctuations in a ferromagnet. The fluctuations relax exponentially 
with a single relaxation time T.  

T- (T - Tc )-' with y =I 4 / 3  and Tc" slightly below the temperature at 
which the first  order  phase transition occurs. 

and magnetic fields and compare the behavior of various liquid crystalline 
materials. 

Over two decades of T we find that 
t 

We a r e  extending our measurements to learn the effects of electric 



28 

Theses : 
J. T. Ho, "Faraday Rotation Near the Ferromagnetic Critical Tempera- 

ture,  '' Ph. D. , Physics 
R. A. Pearson, "Frequency Stabilization of an Argon Ion Laser ,  S. B. , 

Physics 
L. L. Perletz,  "A Temperature Control and Stabilization System for the 

Study of Low Temperature Critical Phenomena by Optical Methods, ' I  

S. B. , Physics 

Publications : 
John T. Ho and J. D. Litster,  "Divergences of the Magnetic Properties 

of CrBr3  Near the Critical Point, I' J. Appl. Phys. 40, 1270 (1969). 
John T. HO and J. D. LAtstei-, "Magnetic Equation of State of C r B r j  

Near the Critical Point, I' Phys. Rev. Letters 22,  603 (1969). 
P. Schofield, "Parametric Representation of the Equation of State New a 

Critical Point, I' Phys. Rev. L,etters 22, 606 (1969). 
P. Schofield, J. D. L'itster, and John T. Ho, "Correlation Between 

Critical Coefficients and Experiments, submitted to Phys. Rev. 
Letters. 

- 

J. D. Litster and Thomas W. Stinson, 111, "Critical Slowing of Fluctuations 
in a Nematic Liquid Crystal, ' I  J. Appl. Phys. , to be published 
(as proceedings of 1969 Conference on Magnetism and Magnetic 
Materials). 
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VII. THE DYNAMICS OF QUANTUM FLUIDS 

Faculty : 
T. J. Greytak, Assistant Professor,  Physics 

Graduate Students: 
R. Benjamin, Research Assistant, Physics 
E. Grace, Graduate Student, Physics 
D. Rockwell, Graduate Student, Physics 
R. St. Peters ,  N. S. F. Predoctoral Fellow, Physics 
R. Woerner, Graduate Student, Physics 
J. Yan, Research Assistant, Physics 

Support Staff: 
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Degrees Granted: 
R- St. Peters ,  Ph. D. ,  Physics, September 1969 

Sponsorship : 
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Research Reports 

1. 0 Rotons in Liquid Helium 

Personnel: T. J. Greytak; J. Yan, R. Woerner 

Research Report: 

. .  

We have measured the spectrum, intensity, and polarization of 
light R a m a n  scattered from rotons and higher energy elementary 

4 excitations in  the superfluid phase of pure He . 
from the temperature dependence of the spectrum, roton energies and 

We have determined, 
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lifetimes from 1. 16'K to 1. 9'K. 
polarization have been used to test  several theories of the coupling 

between light and elementary excitations in solid and liquid helium. 
are extending these measurements to dilute solutions of He in He4 and to 
pure He . 
measuring roton lifetimes at  temperatures near 1 K. 

Our measurements of intensity and 

We 
3 

3 We a r e  developing a Fabry-Perot spectrometer to be used in 
0 

2 .0  Thermal Sound Waves in Superfluid Helium 

Personnel: T. J. Greflak; R. St. Peters  

Research Report: 

We have measured the velocity and amplitude absorption coefficient 
4 of thermally-driven first sound in liquid He under i t s  saturated vapor 

pressure between 1.25 K and the lambda point. 
5 -  was  fixed at  2. 0339 x 10 cm ', corresponding to a frequency varying 

from 768MHz at 1. 245'K to 709MHz at 2 .  168'K. The velocity data 
a r e  accurate to better than f 0. 1% while the absorption uncertainty is 
* 10%. 
and Chernikova theory of sound propagation in He4 for the temperature 
and frequency intervals in which the equations of the theory have been 
solved. Near the lambda point the data cannot be explained by the single 
relaxation theory of Landau and Khalatnikov. 
being extended to  dilute solutions of He in He4 and pure He3. A feature 
of these experiments wi l l  be the ability of light scattering to be used as a 
probe of second sound, a propagating temperature waves, i n  the super- 
fluid phase of these mixtures. 

0 The sound wave vector 

The data below the lambda region agree well with the Khalatnikov 

* 

These measurements a r e  
3 

3.0 Concentration Fluctuations and Second Sound Near the Phase 
4 Separation Point of He3 - He Mixtures 

Personnel: T. J. Greytak; R -  Benjamin, D. Rockwell 

Research Report: 

Existing high power single mode lasers and high resolution Spherical 
Fabry-Perot interferometers will  be used in a study of the dynamics of 
thermodynamic fluctuations near the phase separation point in isotopic 
solutions of helium. We a r e  having a He3 cryostate built which wi l l  allow 
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this and other light scattering studies of liquid helium to be carr ied out at 
temperatures as low as 0. 3 K. 0 

4. 0 Dynamics of Polyatomic Gases 

Personnel: T. J. Greytak ;  E. Grace 

Research Report: 

We a r e  setting up a high resolution, high sensitivity light scattering 
system to extend our previous measurements of the density fluctuation 
spectrum of monatomic gases to the study of polyatomic gases. 
spectra of monatomic gases have been successfully predicted by the 
kinetic theory of gases and the Boltzmann equation. A recent extention 
of the Boltzmann equation to polyatomic gases shows that additional 
features should occur in the spectrum of density fluctuations. 
an excellent position to investigate these additional features experimentally 
by light scattering measurements. 

The 

W e  a r e  in  

Theses: 
R. St. Peters,  "Brillouin Scattering in Liquid Helium, " Ph. D. Physics, 

August 1969 

Publications : 
T. J. Greytak and James Yan, " Light Scattering from Rotons in Liquid 

Helium, ' I  Phys. Rev. Lett. g, 987 (1969) 
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VIII. CCOPERATIVE PHENOMENA, STATISTICAL MECHANICS, AND 
SOLID STATE PHYSICS 

Faculty: 
H. E. Stanley, Assistant Professor ,  Physics 

Research Staff: 
M. H. Lee,  DSR Staff, Physics 

Graduate Students: 
J. A. Janzen, 
K. Matsuno, Research Assistant, Physics 
S. MilogeviE, Research Assistant,  Physics 
G .  Paul, Teaching Fellow, Physics 
H. I. Botman, Seniar Student, Physics 
M. L. Jennings, Senior Student, Physics 
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Support Staff: 
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Research Report 

1 .0  Methods for  Obtaining Numerical Predictions for Comparison with Ex- 
perimental Measurements in the Crit ical  Region of Magnets and Fluids 

There has been considerable activity in recent years  concerning both ex- 
perimental and theoretical aspects of cri t ical  phenomena (i. e. phenomena 
associated with phase transitions). On the experimental side, extremely ac- 
curate measurements have been made for  temperatures exceedingly close to 
the cri t ical  temperature T . Therefore what one wishes to predict theoreti- 
cally are the behaviors of the various thermodynamic quantities in the immed- 
iate neighborhood of Tc, and these behaviors are generally characterized by 

. 

C 
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a se t  of "critical exponents". 
realist ic models of liquid-gas and magnetic phase transitions (e. g. the Ising 
and Heisenberg models, respectively) wil l  be solved exactly for  three-dimen- 
sional systems in the immediate future. 
specific predictions of a theoretical model, one must  resor t  to approximation 
techniques. Probably the most accurate of these i s  the method of high-temp- 
e ra ture  se r i e s  expansions. 
numerical predictions would aid greatly in interpreting recent experimental 
results. We have developed two new techniques which permit obtaining crit-  
ical behavior predictions for  a wide variety of theoretical models which were 
not previously tractable. 
calculation of the high- temperature expansions, and the second concerns the 
analysis of the ser ies .  

It i s  unlikely, however, that even the simplest 

Hence if one wishes to obtain the 

There a r e  many theoretical models for which 

The f i rs t  of these techniques concerns the actual 

1.1 New Method for  Developing High-Temperature Expansions 

Very recently we have discovered a new method by which we can calcul- 
ate high-temperature expansions with a t  least  an  order  of magnitude less 
labor than was required previously. 
relations to obtain a generalized diagrammatic representation suitable for cal- 
culating all the thermodynamic quantities of interest. 
veloping new and better expansions using this method; thus fa r  w e  have al- 
ready obtained several  new results.  
exponent for the Heisenberg model has a c u s p  singularity, which is  consistent 
with recent experimental measurements on the "Heisenberg ferromagnet" EuS. 

This method utilizes certain topological 

We a r e  presently de- 

One such result  is that the specific heat 

1. 2 New Transformation Method to Analyze Series  Expansions 

We have recently discovered a method which i s  capable of analyzing cer-  
tain se r i e s  expansions whose coefficients vary irregularly and which hereto- 
fore could not be analyzed accurately. 
the "Euler transformation" to shift the non-physical poles to a location fur- 
ther from the origin in the complex temperature plane. 

This method exploits the concept of 

2 . 0  Critical  Point Exponents 

2. 1 Susceptibility Exponent Y (S) for S) 11 2 

W e  considered the question of the possible dependence of the susceptibility 
exponent Y (S) upon spin quantum number S for the 3-dimensional Heisenberg 
model. W e  argued that Y (S) = 1. 38 + 0. 01 for all S greater  than 1/ 2. 

S = 1 2, the susceptibility s e r i e s  behaves too irregularly for any conclusions 
For 
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to be drawn using conventional series methods. 

2 . 2  Critical Exponents for the S = 1 / 2 Heisenberg Ferromagnet 

Baker et. al. have recently argued that for  the S = 1 1  2 Heisenberg ferro- 

W e  find that the high temperature series 
magnet, the susceptibility and gap in exponents have the values y = 1.43 $0.01 

and 2 A = 3. 63 & 0. 03  respectively. 
expansions can be better analyzed using the Euler  transformation method, and 
we thereby obtain the more accurate values y = 1 . 3  6 i 0. 02 and 2 A = 3.48 f 0.05 

To the extent that the homogeneity or scaling arguments are valid, a know - 
ledge of the two exponents Y and A i s  sufficient to obtain all other exponents. 

2. 3 Critical  Exponents for the Jsing, XY, and Heisenberg Models on the 
Spinel Lattice 

There i s  considerable evidence to support the hypothesis that cri t ical  
point exponents do not depend upon the type of lattice, but only upon the lattice 
dimensionality. However this evidence depends largely on studies of particul- 
a r ly  simple latt ices such a s  the simple cubic, body centered cubic, and face 
centered cubic lattices. The spinal latt ice,  on the other hand, has a rather 
more  complex structure:  moreover ,  certain insulating mater ia ls  have this 
structure.  Due to the i r regular  nature of the coefficients in the high-temper- 
a ture  expansions, it was not previously possible to obtain information con- 
cerning the cri t ical  point exponents for the spinel lattice. However by apply- 
ing the Euler  transformation, we have recently obtained fairly accurate esti-  
mates of the cri t ical  indices, and we find that they a r e  different from those 
of the simpler lattices. 

2.4 Critical  Point Exponents for the Ising, Heisenberg, and Spherical Models 
as a Function of Lattice Dimensionality 

The lattice dimensionality d en ters  into some of the relationships among 
the various cri t ical  point exponents which are predicted by the static scaling 
hypothesis. F o r  this and other reasons,  w e  have calculated high-temperature 
expansions for  the susceptibility, specific heat, second moment, and field de- 
pendent free energy for a general  d-dimensional lattice and thereby we have 
determined, respectively, the exponents Y (d), cu(d), v (d), and A(d) a s  func-’ 
tions of d. We find rather  striking evidence that the exponents studied depend 
monotonically upon d ,  and that they approach their respective mean field Val- 
ues in the limit d -  a, although neither of these resul ts  has been proved rigor- 
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ously. 
mean field values of the exponents a r e  obtained for  

Moreover, we  advance arguments supporting the possibility that the 
d > 3 .  

3 .  0 Phase Transitions in Planar Materials 

3 . 1  The Staggered Susceptibility of the Planar Antiferromagnet 

It has commonly been supposed that the two-dimensional Heisenberg 
model with nearest-neighbor ferromagnetic interactions will not undergo a 
phase transition. Over a year ago w e  presented evidence from high-temper- 
ature expansions suggesting the contrary. 
derived significant experimental support from recent work at  Bell Telephone 
Laboratories (Wertheim, et. al. ), Brookhaven Laboratory (Birgeneau, Shirane, 
et. al. ), and the University of Amsterdam (Miedema, et. al. ) on materials 
with the K2NiF4 structure in which the inter-planar interactions are a s  much 
as 10’ t imes weake r  than the intra-planar interactions. However the experi- 
mental materials have an antiferromagnetic exchange interaction, whereas 
the original theoretical prediction w a s  based upon a model with a ferromag- 
netic interaction. 
fo r  the staggered susceptibility of a Heisenberg antiferromagnet. 
dence favoring a divergent staggered susceptibility i s  found to be essentially 
as strong as that presented earlier i; support of a divergent susceptibility for 
the ferromagnet. Thus recent work on the “planar antiferromagnets I’ would 
appear to be strongly supported by the series expansion theory. 

This theoretical possibility has 

r 
’ 

Hence we have recently carr ied out an  analogous treatment 
The evi- 

3 . 2  The Susceptibility f o r  S = 1 / 2 

The argument for a phase transition in two-dimensional mater ia ls  which 
was proposed by Stanley and Kaplan is based upon the behavior of the high- 
temperature ser ies  for the susceptibility for S ) 1 / 2. For the S = 1 / 2 case,  
the susceptibility series behaves so irregularly that i t  i s  difficult to extract 
any information. We have recently discovered a method, the Euler transfor- 
mation, which is capable of analyzing certain high-temperature s e r i e s  expan- 
sions with irregularly-varying coefficients. 
series for S = 1 I 2. Our results provide evidence for  a phase tran sition of the 
Stanley-Kaplan type. 
lattice agrees  we l l  with the measured values recently given by deJongh et. al. 

for materials with the K2NiF4 structure. 

This method i s  applied to the 

The crit ical  temperature which w e  predict for the square 
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4. 0 Influence on Critical Properties of Exchange Interactions other than 
Nearest-Neighbor 

Almost all  calculations on model systems make the assumption that the 
exchange interaction extends in range only to the nearest  neighbor atoms in 
the Lattice. 
which a r e  of longer range. 
with experiment, w e  a r e  extending several  calculations for  nearest-neighbor 
systems to include further e ighbor  forces. 

However most real  magnetic materials have exchange interactions 
Therefore to afford more realistic comparison 

5.0 Phase Transitions in Non-Ideal Bose Systems 

5. 1 The X Y  Model of a Quantum Lattice Fluid 

MQtsuda and Matsubara' s lattice model for  liquid helium reduces to the 
X Y  model f u r  hard-core intermolecular interactions. In collaboration with 
Professor D. D. Betts, w e  have calculated critical properties for the XY model 
using ser ies  expansion methods. 
a ture  behavior and, in particular, looking at  the case of 2-dimensional lattices. 

We a r e  presently studying the low-temper- 

3 .  2 Theory of Correlation and Critical Point Scattering in the Vaks-Larkin 
Lattice Model of Helium 

. Another lattice model for the 1 transition i s  the Vaks-Larkin or plane 
rotator model. 
model. 
cri t ical  temperature i s  R 
(zero) predicted by the standard Ornstein-Zernike theory. 

We have calculated the correlation function exponents for  this 
In particular, we find that the asymptotic decay of correlations at the 

-If7 with q v e r y  slightly greater  than the value 

5 . 3  Critical Properties of Non-Ideal Bose Systems 

Recently Professors  M. Luban and M. Revzen have obtained certain cri t-  
ical properties of an ideal Bose gas  by relating the divergence of the constant- 
pressure specific heat and the isothermal compressibility to the onset of off- 
diagonal long range order.  
the more interesting non- ideal gas models of Bogoliubov. 

We have adopted this approach in order  to treat  

6 . 0  Thermodynamic Fluctuations in Ferromagnets 

Thermodynamic fluctuations in a statistical system have been investigated. 
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The statistical system is  assumed to be divided into two subsystems A and B, 
each of which might not be in equilibrium itself. The resultant system A plus 
B is now assumed to be in equilibrium. Although each subsystem A and B 
can fluctuate independently, another type of fluctuation is expected due to the 
interaction between A and B. in each of which the rate of entropy production 
is not zero. Fluctuations in the ra te  of entropy production can give rise to a 
time-dependent flucttation of statistical or thermodynamic quantities. When 
the relaxation times of each subsystem a r e  rA and T ~ ,  and further r B 

is satisfied, the present fluctuation due to the spontaneous variation of the 
rate  of entropy production wi l l  become dominant for the relaxation phenomena 
whose celaxation time t satisfies the condition rA B t 3 T ~ .  

Tc of ferromagnets, it  i s  possible to expect the coexistence of locally ordered 
and disordered states. The application of the present theory to cri t ical  fluct- 
uations near T has been studied. 

A 

N e a r  the Curie point 

C 

7 . 0  Research on the Spherical Model of Magnetism 

7 .  1 Spherical Model a s  the Limit of Infinite Spin Dimensionality 

The spherical model i s  important because it is essentially the only ex- 
actly soluble model of a 3-dimensional system which is non-trivial. We have 

. recently shown that the spherical model i s  equivalent to the D = m limit of the 
Hamiltonian H(D)=-JZ<i, j, Zf"). S ! D f ,  where_SI(*) a r e  isotropically interact- 

-3 
ing D-dimensional classical  spins. 
the spherical model as  an  "anchor point" in a hierarchy that includes the Is- 
ing model ( D = l ) ,  the Vaks-Larkin model (D=2), and the Heisenberg model 
(D=3). In particular, we have conjectured on the basis of numerical evidence, 
that the various cri t ical  properties of HID) are monotonic functions of spin 
dimensionality D; this would imply that although the spherical model w a s  pre- 
viously regarded a s  a soluble approximation to the Ising model, it i s  in fact 
a much better approximation to the Heisenberg model. 

This result has led to a new concept of 

7 . 2  Spherical Model as an "Anchor Point" with which to Judge Approximation 
Procedures 

A knowledge of the properties of the model Hamiltonian .(Dl provides 
one with an "anchor point", since H(D) i s  not soluble for other values of D: 
For example, we have recently calculated 100 te rms  in the high-temperature 
expansions of the specific heat and susceptibility of the spherical model f o r  
a general d-dimensional hypercubical lattice. The 100 terms in the spherical 
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model se r ies  provide an ideal "fruitfly" on which to test various extrapola- 
tion procedures; thus far we have discovered a significant flaw in the Pad; 
approximant procedure using this concept. 

8. 0 Exact Solution for a Linear Chain of Isotropically Interacting Classical 
Spins of Arbitrary Dimensionality 

N-1 
The isotropic Hamiltonian H(D'= - JCiZ l  si. zi+l is considered for an 

- - -  
open linear chain of D-dimensional classical spins S.. 

system exactly for a l l  the thermodynamic properties both for  ferromagnetic 
(J )O)  and for  antiferromagnetic (J(0)  interactions. 
er t ies  vary monotonically with D; e. g. , the "short range order"  decreases 
monotonically with increasing spin dimensionality. 

We have solved this 
-1 

We find that a l l  of the prop- 

9. 0 Eigenvalue Degeneracy a s  a Possible "Mathematical Mechanism for 
Phase Transitions 

Some years  ago Ashkin and Lamb noted that the phase transition in the 
two-dimensional Ising model with nearest-neighbor interaction was charact- 
erized mathematically by an asymptotic degeneracy of the largest  eigenvalue 
of a l inear operator. 
ue degeneracy also characterized the phase transition in the Kac model (with 
weak, long-range forces),  suggesting t h t  this "mathematical mechanism" 
is not restricted to systems with short-range forces. However both the Kac 
model and the Ising model consider the "spins" to be one-dimensional unit 
vectors assuming only the discrete values t1 and -1. 

to consider the nature of the phase transition in one of the few exactly-soluble 
models in which the spins can assume an entire continuum of orientations-- 
the l inear chain of classical  spins of arbi t rary spin dimensionality interacting 
isotropically through the Hamiltonian H (D) = 1=1 Ji , i t l - i  S (Dl -it1 s (Dl 
exchange constants J 
ensionalities D that the two-spin correlation function may be expressed a s  

r pN(')=(X /X 
of a certain l inear operator. 
p N ( r )  f 0, is characterized by the degeneracy of Xo and X1. 

More recently Kac and Thcmpson showed this eigenval- 

W e  a r e  therefore led 

where the 
We find for all  spin .dim- 

, where X o  and X1 a r e  the largest  and next-largest eigenvalues 

a r e  arbi t rary numbers. i, i t 1  

1 0  . 
Thus the onset of long-range order ,  limrdaD 

10.0 A New Cluster Approximation in which the Basic Cluster is an Entire. 
"Chain" of Spins 

There exist magnetic materials in which the magnetic ions may be con- 
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sidered to form "linear chains" such that interactions between spins within 
a chain a r e  appreciably stronger than interactions between spins belonging 
to different chains. 
are treated exactly and the interchain interactions a r e  treated approximately 
(say, using the molecular field approximation). 
using the classical  Heisenberg model suggest that this is a realist ic model 
for temperature not too near Tc. 

Hence, w e  have studied a model in which the interactions 

Preliminary calculations 

11. 0 New Expansion of the Spin Correlation Function 

The practical advantages of carrying out a high- temperature expansion 
of the spin correlation function a r e  yet to be exploited. In particular, some 
preliminary calculations indicate that- this expansion may be used to predict, 
rather accurately, observed neutron scattering c r o s s  sections. 

4 12. 0 Liquid Helium 

12.1 The Jastrow Theory and the Ground State 

Most of the theories of liquid helium a r e  not capable of providing a cor- 
rect  description of the ground state. 
method which, although it possesses certain advantages over the model theor- 
ies of Bogoliubov and others,  has a serious drawback in its-mathematical com- 
plexity (particularly when it deals with the pair distribution function). We 
have devised a method to solve an integral equation for the pair  distribution 
function and we have thereby obtained many of the ground state properties of 
liquid helium. 
ments. 

Several years  ago Jastrow devised a 

In particular, the speed of f i rs t  sound agrees  well with experi- 

12 .  2 Finite Temperature Theory 

We a r e  extending our  T=O results to non-zero temperature in order  to 
examine the temperature aependence of the pair distribution function. 
analytic solution for  the integral equation for the pair  distribution function 
has led to a method of deducing certain cri t ical  properties. 
obtained. for  example, the asymptotic form of the p a i r  correlation function. 

Our 

We have thereby 

12. 3 Generalized Bose Condensation and S.ymmetry-Breaking Ground State 

It is known that pair  product functions, such as the Jastrow function, 



40 

predict an incorrect long wavelength behavior for  the liquid structure factor 

S(k). 
the correct small-k behavior for S(k) appears to be not higher correlations, 
but uncorrelated single particle functions coupled to the pair product function. 

Also work on models of liquid helium shows evidence that, with attractive 
interactions, the usual notion of Bose condensation is not valid. 
gation is underway to see whether these models with attractive interactions 
and generalized Bose condensation can be further exploited and whether the 
logarithmic specific heat singularity observed in liquid helium can be explain- 
ed in t e rms  of these models. 

The modification needed in the pair product functions which wil l  give 

An investi- 

4 
12.4 The Structure Factor of Liquid Helium 

Experimental values of the structure factor S(k) of liquid helium deviate 
substantially for small  k values from the Feynman prediction. We have found 

that the discrepancy is due to a certain invalid assumption in interpreting ex- 
perimental scattering data. 
e r a tu re s  gaseous helium is  not an ideal gas a s  previously assumed; this pre- 
diction has recently been confirmed by experiments. 

Moreover, our analysis predicts that at  low temp- 

12.5 Integral Equations and the Pa i r  Distribution Function 

We have recentIy shown that the pair distribution function can be solved 
The method of iteration turns out using hypernetted chain integral equations. 

to have an interesting relation to the Green’ s function formulation of many- 
body probIems. By exploiting this correspondence, certain analytic proper- 
ties of the pair dis t r i  bution function a r e  obtained. 
ytic structure has enabled us to obtain the density dependence of the distri-  
bution function. Our results show that as the density increases, particles 

tend to get packed in a certain ordered fashion, exhibiting certain similari t ies 
to solid helium. 
extending our resuIts to study the compressibility of liquid helium near the 
cri t ical  density. 

The knowledge of the anal- 

FoIIowing some ear l ie r  work of deBoer , we a r e  at present 

13.0 Many Body Problems 

13.1 Interacting Many-Fermion Systems 

Recently we have shown that Tomonaga’s work on interacting many-fer- 
Since the Tomon- mion systems is more general than previously recognized. 

aga model is exactly soluble for any interactions, it may serve a s  a use fu l  
model for liquid helium , particularly f o r  studying features of helium3 such 
as freezing or  as a test  of the general stability cr i ter ia  for  Fe rmi  liquids. 

3 
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13.2 Theory of Quantum Liquids 

Bogoliubov, Born, and Green have suggested that many interesting fea- 
tures such as the onset of long-range order may be indicated by the change 
in the analytic character of the distribution function. We have found a way of 
extending their  suggestion to quantum fluids by using a certain formal corres-  
pond ence principle. 

13.3 Cluster Expansions for Many-Boson Systems 

We have recently shown that the pair distribution function of quantum 
' f luids  can be obtained by modifying slightly the methods developed for class- 

ical  fluids. 
one can directly use the hypernetted chain integral equations. If the N-body 
wavefunction contains explicitly one and two-body correlations, then one en- 
counters a quantum analog of the Mayer cluster expansion. 
ed a diagrammatic method of evaluating the cluster expansion by taking ad- 
vantage of Kubo's cumulants. 

If the N-body wavefunction contains only the 2-body correlations, 

We have develop- 

13.4 Analyticity and the Spin Pa i r  Correlation Function 

In the study of the magnetic susceptibility or the spm pair correlation 
function, there emerges a good deal of information regarding the analytic 
character of the function. 
alysis of the power ser ies  expansions for  the susceptibility. One obtains, for  
example, various singularities of the susceptibility, of which, however, only 
the value for  the physical pole is generally noticed and nonphysical poles 
are usually disregarded. Analysis of the power ser ies  for the susceptibility 
by the Euler transformation method shows a certain relationship between the 
physical and nonphysical poles quite reminiscent of the dispersion relation 
for  particle scattering amplitudes. In particular there apprears to be some 
formal correspondence between the bound state and the physical pole (the cri t-  
ical  point). 

This is particularly true of Padk approximant an- 

14.0 Electronic Charge and Momentum Distributions in CrysLaX 

In collaboration with researchers  at  the M. I. T. Lincoln Laboratory, 
'we have carried out two research projects in this area.  

14.1 Bloch Sums of Localized Orbitals in One Dimension: Charge and MO - 
mentum D e n s i t t  

Bloch functions and the charge and momentum densities for partially- 
filled bands of Bloch functions have been examined. 
represented as linear combinations (Bloch sums) of localized orbitals. A 

The Bloch functions a re  
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detailed discussion has been given for  two one-dimensional models; for one 
the localized orbital is an exponential and for  the other it is a Gaussian. 
Calculations are largely analytical for  these models. The results for the two 
models agree qualitatively in some respects, and show clearly the effects of 
orbital overlap; the behavior in the limit of small  and large overlap is part- 
icularly instructive. For the two models the charge density of a Bloch func- 
tion is found to become more localized as the wave vector k increases in the 
Brillouin zone, and the total charge density for a filled band is never less  
localized than that obtained by superposing the charge densities of the corres- 
ponding localized orbitals. 
model but not for the exponential. 
functions approach plane waves for  the Gaussian model, but not for  the expon- 
ential. For a filled band the momentum density is €or both models much 
more sensitive to overlap than is the charge density. 

The x-ray intensity oscillates for the Gaussian 
In the limit of large overlap, the Bloch 

14 .2  Effect of Orbital O x l a p  on Charge Densities in Three-Dimensional 
- Crystals 

The Heitler-London approximation to the ground state of a crystal com- 
posed of closed-shell ions (e. g . ,  MgO, La) is + =&T, D ; where D, is a 
Slater determinant for ion CY. The customarily neglected effects of the anti- 
symmetrizing operator &may well be important in interpreting measured 
charge densities. An effect of this "determinantal overlap" on the x-ray 
structure factor f (4) can be illustrated for LiH, for example, by approxi- 
mating the Li' and H- I-electron wavefunctions by exponential Is orbitals. 
We have calculated f (q) for  the rocksalt structure with 2 electrons per site, 
approximating the orbitals using Gaussian rather  than exponential orbitals. 
We find that the ratio of f(q) to the "conventional" (no overlap) structure f a c t  
or ,  fc(q) has a characterist ic variation with q which is quite similar to that 
reported for  an experiment on MgO. Moreover, a crude estimate of the act- 
ual magnitude of this "overlap effect" for MgO shows that f(q) can depart 
f rom fc(q) by roughly 570, so that the effect should be experimentally signifi- 
c a t .  

cr 

15.0 Application of Modern Physical Methods to Biological and Medical 

Problem2 

15.1 Raman Spectra of Biological Molecules 
_I_- 

In collaboration with researchers  at  the M. I. T. Lincoln Laboratory, 
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we have initiated an effort to formulate physical problems of biological and 
medical interest. 
r a  of biological molecules, using equipment previously developed for solid 

state investigations. Raman spectroscopy serves  to complement the more 
traditional technique of infrared spectroscopy in that one can avoid problems 
associated with various absorption bands (such a s  those of H20)- 

In par t i rular ,  we have begun a study of the Raman spect- 

1 5 . 2  Cooperative Phenomena in Biological Membrane Systems 

We have begun to formulate quantitative models of biological membrane 
systems. 
systems which display cooperative phenomena. 
to provide a quantitative explanation of "cooperative phenomena" in biological 
membranes by adapting certain methods which have been extremely suecess- 
ful in describing the lattice systems. 

We a r e  finding strong analogies between these models and lattice 
Therefore we are attempting 

1 5 .  3 The Unwinding Phase Transition of DNA 

Double- stranded DNA molecules suddenly "unwind" upon heating them 
This phase transition has some features in common to a temperature "Tc". 

with certain one-dimensional cooperative systems. 
ulate a precise model whicn describes this transition. 

W e  a r e  attempting to form- 

1 5 . 4  The Molecular Mechanism of Photos.ynthesis 

The photosynthetic process probably involves the "hopping" from si te  
to s i te  of a so-called exciton. 
analog in a certain kind of random walk.  Therefore we have begun an intense 
study of the relation of random walk problems to photosynthesis. 

This physical process has a mathematical 

16. 0 Computer Enhancement of Ai r  Traffic Control Data 

. In recent years  sophisticated data processing techniques have been de- 
veloped for  the selection and augmentation of electronic sensor data. 
currently, the physical causes of radar  data positioning e r r o r  and background 
noise have become w e l l  understood. With further efforts, the above two tech- 
nologies can be applied to the contemporary problem of a i r  traffic control. 
With the ever  greater  crowding of the world 's  airways,  the credibility of a i r  
control radar  data should not be in doubt. 
efforts wi l l  be made from two viewpoints. 

Con- 

The application of these further 
First, the effectiveness of apply- 
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ing data enhancement techniques to returns from existing equipment will be 
evaluated. 
can significantly offset e r r o r s  caused by atmospheric conditions and degraded 
equipment. Second, the advantages of applying modern technology to the pro- 
blem of a i rcraf t  position sensing will  be considered. 
now appear applicable and a re  being studied: A. HOLOGRAPHIC RADAR - 
By constructing large phase sensitive dipole a r r ays  it i s  possible to obtain 
three dimensional data of very high resolution. Although the cost of these 
units i s  very high, they may be justified for  computer controlled landing pat- 
ters. 3. REVERSE DATA LINK - By equipping the aircraf t  with high resol- 
ution navigational equipment and having it transmit this data to the a i r  control 
center,  commercia1 aircraf t  could be closely controlled in a reas  of poor radar  
coverage. C. IR AIRCRAFT TRACKING- t may be more economical to 
observe aircraf t  from space than to build more stationary o r  airborne radar  
units. 
could be detected outside the atmosphere. 

It i s  possible that careful rea l  time computer processing alone 

Several new systems 

Jet aircraf t  emit large amounts of infra-red radiation, some of which 

Publications 

H. E. Stanley, Critical Phenomena: An Introduction to Phase Transitions, 
to be published by W. A. Benjamin, Inc. as a book in the series "Fron- 
t i e r s  in Physics" 

H. E. Stanley, 

H. E. Stanley, Crit ical  Phenomena in Heisenberg Models of Magnetism, 

Readings in Critical Phenomena, a companion volume to the 
above. 

Chapter 14 of Solid State Physics, Nuclear Physics,  and Part ic le  
Physics,  I. Saavedra, Ed. (W.A. Benjamin, Inc. New York, 1969) 

H. E. Stanley, "Spherical Model a s  the E m i t  of Infinite Spin Dimensionality" 
Phys. Rev. 176, 718 (1969) 

H. E. Stanley, "Exact Solution for  Linear Chain of Isotropically- Interacting 
Classical  Spins of Arbi t rary Dimensionality", Phys. Rev. 179, 570 

(1969) 
H. E. Stanley, "Critical Indices for a System of Spins of Arbi t rary Dimen- 

sionality Situated on a Lattice of Arbitrary Dimensionality", J. Appl. 
Phys. - 40, 1272 (1969) 

H. E. Stanley, 'Some Crit ical  Propert ies  of Quantum-Mechanical Heisenberg 
Ferro- and Antiferromagnets", J. Appl. Phys. 2, 1546 (1969) 

H. E. Stanley, "Relation among Ising, Heisenberg, and Spherical Models: 
Propert ies  of Isotropically-Interacting Spins of Arbitrary Dimensional- 
ity", J. Phys. SOC. Japan 2, 102 (1969) (Proc.  IUPAP International 
Conference on Statistical Mechanics, Kyoto, Japan) 



SECTION A - CHEMICAL AND SOLID-STATE PHYSICS 45 

H. E. Stanley, K. Matsuno, and S. Milo"sevi6. "Eigenvalue Degeneracy as a 

Possible Mathematical Mechanism for Phase Transitions I', J. Appl. 
Phys. (in press) .  

Localized Orbitals in One Dimension: Charge and Momentum Densities *I 

Phys. Rev. (in press). 

J. Hanus, T. A .  Kaplan, W. H. Kleiner, and H. E. Stanley, "Bloch Sums of 

K. Matsuno, "Thermodynamic Fluctuations in Ferromagnet# submitted for  
publication 

M. H. Lee and D. D. Betts, "Critical Properties of the XY Model", Phys. Rev. 
Le t te rs  20, 1507 (1968) 

(1969) 
M. H. Lee, "The Pair Distribution Function of a Quantum Fluid, Physica s, 
M. H. Lee,  "High Temperature Expansion of the Spin 1 /  2 XY Model", J. Math. 

Phys. (in press). 
M. H. Lee,  Cluster Expansion in a Bose Fluid," J. Math. Phys. (in press)  

M. H. Lee, D. D. Betts, and C. J. El l iot ,  "Partition Function and Specific Heat 
of the XY Model on a FCC Lattice", Phys. Le t te rs  m, 1 5 0  (1969) 

M. H. Lee, "The Structure Factor of Liquid Helium : The Apparent Discrep- 4 11 

ancy Between Theory and Experiment',' Phys. Rev. 

(1969) 

Letters23, 370 

M. H. Lee and M. Luban, "Ground State of Liquid Heliup4 : I.Correlations"* 

M. H. Lee, D. D. Betts and C. J. Elliot, "Evidence Favoring a Phase Trans- 
ition for some 2-Dimensional Models", Phys. Rev. Let ters ,  submitted. 

M. H. Lee,  'On the Spin 1/ 2 Heisenberg Ferromagnet-for Cubic Lattices" 
Phys. Rev. Le t te rs  

Phys. Rev. submitted . 

M. H. Lee, "The X Y  and Heisenberg Ferromagnets on the B-Site Spinel 

M. H. Lee and M. Luban, "Ground State of Liquid Helium4: I1 Energy" 
Lattice" Phys. Rev. Letters. 

Phys. Rev. , submitted. 



46 

4 IX. LOW TEMPERATURE PHYSfCS - Ultrasonic Study of the He Critical 
Point. 

Staff: 
Dr. Richard C .  Williamson. Visiting Scientist. Center for Materials 

Sponsorship: National Aeronautics and Space Administration - Electronics 
Research Center 

Research Report: 

Measurements of the velocity and attenuation of 1 MHz sound waves have 

Data 4 been made along a se r i e s  of isotherms near the cri t ical  point of He . 
along isotherms which c ross  the vapor pressure  curve below TC indicate 

that the sound velocitv in the saturated gas is higher than the velocity in the 
liquid for  temperatures close to T . This behavior is s imilar  t o  that ob- 
served in several  other substances. 

C 

Sound attenuation rises to very high values in a small  region of pressure 
The apparent divergence of the sound attenuation a s  a function close to Pc. 

of reduced pressure  at T= Tc can be characterized by an exponent of 
1 . 1 -  0. 3 which is consistent with the value of 6/5 which i s  predicted by 
simple dynamic scaling law arguments. In the region of high attenuation, 
the variation of the sound velocity departs from the logarithmic form ob- 
served ear l ie r  by Williamson and Chase for pressures  farther f rom Pc. 

developed ultrasonic techniques which significantly extend our experiment 
range by enhancing the signal-to-noise ra t io  and reducing s t ray coherent 
signals. Attenuations of several  hundred d. b.  per  centimeter have been 
measured using these techniques. 
a very small  region of pressure close to Pc, that it i s  difficult to  ascertain 

the exponents describing the variation of sound velocity and attenuation. 
better resolve the region close to the cri t ical  point. a new apparatus has 
been constructed which uses  density instead of pressure  as an independent 
variable. 
possible, 

+ 

Because the sound attenuation is s o  high near the cri t ical  point, we have 

The attenuation rises so  abruptly in such 

To 

With this  apparatus, measurements along isochores a re  now 
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Publications: 

R. C. Williamson and C. E .  Chase, "Velocity of Sound at 1 MHz near the 
4 He Crit ical  Point". Phys. Rev. 176, 285 (1969). - 

R. C. Williamson. "Measurement of the Velocity and Attenuation of Ultras- 
onic Pulses  in the Presence of Noise". Rev. Sci. Instr .  40. 666 (1969). 

R. C. Williamson, "Echo Phase-Comparison Technique and Measurement 

R. C. Williamson and Don Eden, "Coherent Detection Technique for Vari- 

- 
of Sound Velocity in Water".  J. Acoust. SOC. Am. 45,  1251 (1969). 

able Path Length Measurements of Ultrasonic Pulses". submitted to 
J. Acoust. Soc. Am. 

- 
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X. SEMICONDUCTORS AND 1NFRARE:D SPECTROSCOPY 

Personnel: 
R. A. Smith, Professor ,  Physics 
Dr. S. Zwerdling, Research Staff 
J. P. Theriault, Engineering Assistant 
F. Q. Yee, Engineering Assistant 

1.0 Research Report: 

This research Program, described in the Annual Report for 1967-68, was 

The results of the research 
completed in the summer of 1968 when the senior members of the staff in- 
volved left the Institute for  other employment. 
have now been fully published a s  indicated below. 

1.1 Spectroscopy in the Very-far Infrared 

A full report  of the theory and operation of the fast  low-temperature 
germanium bolometer developed in this program has been published: 

S. Zwerdling, R. A. Smith, and J. P. Theriault, "A Fast ,  High-responsivity 
Bolometer Detector F o r  The Very-far Infrared, "Infrared Physics, - 8 , 
271 (1968). 

S. Zwerdling, J. P. Theriault and .  H. S. Reichard, "A Far Infrared 
Bolometer Pre-Amplifier with Low-Noise Performance at High Impedance, I' 
Infrared Physics, 8, 135 (1968). 

"The Low-temperature Transmittance of Two Far Infrared LWP Filters", 
- 

Appld. Optics, 7, 209 (1968) 

1 .2  F a r  Infrared Absorption in Semiconductors 

This research was presented at the Ninth International Conference on 
the Physics of Semiconductors, Moscow, and published in the Proceedings of 
the Academy of Sciences of the USSR: 
R. A. Smith, S. Zwerdling, S. N. Dermatis and J. P. Theriault. "Absorp- 

Proceedings tion of Compensated Germanium in the Very-far Infrared, 
of the Ninth International Conference on the Physics of Semiconductors, 
p. 149(1968). 
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X I .  ORDER-DISORDEE PHENOMENA 

Faculty: \ 

C. W. Garland, Professor, Chemistry 

Research Staff: 
Dr .  E. Litov, Research Associate, Chexistry 

Graduate Students : 
A. Bonilla, Commonwealth of Puerto Rico Fellow, Chemistry 
D. Eden, Research Assistant, Chemistry 
P. E. Mueller, Research Assistant, Chemistry 
B. B. Weiner, Research Assistant, Chemistry 

Support Staff: 
Janet Pollock, Secretary, Chemistry 

Personnel who have left :  

P. E. Mueller (Now a t  B e l l  Telephone Laboratories, Allentown, Pa.) 

IRgrees Granted: 
P. E. Mueller, Ph.D., Chemistry, June 1969 

Sponsorship: 
Advanced Research Projects Agency, SD-90, DSR 75104 
National Science Foundation Grant, GP-7738, DSR 70706 
Research Laboratory of Electronics, supported by the Joint Services 

Electronics Progran under Contract DA28-04j-AMC-O2536(E), DSR 70050 

Research Report 

1.0 Ultrasonics 

Personnel: C. W. Garland; E. Litov; D. Eden, P. Mueller 

1.1 Ferroelectric Transition.In K&PO* 

The velocity and attenuation of 1.5 MHz shear waves propagating 
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perpendicular t o  the polar axis of &PO4 have been measured throughout the 
transition region. For that  purpose, a law-temperature c e l l  was b u i l t  with 
provisions for poling the crystal  with an e lec t r ic  f ie ld .  Special care w a s  

taken t o  obtain a uniform electr ic  f i e ld  i n  the crystal by inserting a fused- 
quartz delay l ine between the transducer and the crystal. Measurements were 
carried out as a function of the applied e lec t r ic  f i e l d  over the range 
0-5 k~ cm-l. 

The presence of domains i n  the ferroelectric phase caused intense 
scattering of the acoustic wave. For zero applied f ie ld ,  it was not 
possible t o  observe any signal immediately below the Curie temperature. 
applied f ie lds  of 1 t o  3 kv em-', velocity measurements could be made 
throughout the t ransi t ion region but the attenuation values were perturbed 
by sizeable scattering losses. Applied f ie lds  above 3 kv were 
required t o  pole the crystal  into a single domain, and excellent velocity 
and attenuation data were obtained i n  range 3 t o  5 kv cm-l. 

For 

An analysis of the data reveals some interesting new features concerning 
the polarization relaxation time, T , particularly when it i s  compared with 
the value fo r  the isomorphic crystal  K&P04. Above Tc, the relaxation time 
T 

whereas below the t ransi t ion they are essentially equal. 
indicate tha t  hydrogen tunneling i s  probably an important mechanism for  the 
faster  ra te  of relaxation i n  the paraelectric phase A t  present 
an attempt t o  interpret the data i n  terms of a microscopic theory of 
relaxation dynamics i s  i n  progress. 

P 

i n  KH2PO4 i s  approximately 10 times shorter than the value i n  KD2P04 
These resul ts  

P 

of mPO4. 

1.2 Liquid-Vapor Cri t ical  Point i n  Xenon 

During the past year, considerable ultrasonic velocity and attenuation 
data have been obtained i n  the c r i t i ca l  region. 
doctoral thesis  work with a ser ies  of isochoric measurements, and D. Eden 
i s  now engaged i n  carrying out a series of isothermal measurements. 
addition, the electronics have been recently modified t o  permit more 
sensitive and more accurate measurements very close to  the c r i t i ca l  point. 

P. E. Muellercompleted h is  

In  

In  particular, the sensi t ivi ty  of the ultrasonic equipment a t  1 and 
Our new technique i s  a modification of 3 MHz has been greatly enhanced. 

existing coherent detection schemes applied t o  variable path measurements 
of ultrasonic pulses. 'Jfhe additional delay and the decrease i n  amplitude 
of an ultrasonic pulse caused by an increase i n  the length of the trans- 
mission path are precisely measured by phase comparison of the received 
ultrasonic signal at the carrier frequency. Phase-sensitive detection i n  a 
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balanced mixer provides a phase detector output which is linear, sensitive 
t o  small delay changes, and has a high signal-to-noise ratio. 
of velocity measurements i s  bet ter  than 0.1% and the accuracy of 

attenuation values i s  typically kO.7 dB cm'l. 
great assistance i n  developing th i s  technique. 

The accuracy 

Dr. R. C. Williamson w a s  of 

Isothermal measurements of both velocity and attenuation have been made 
a t  16.61" and 16.945"~ a t  1 MHz, and a t  16-59", 16.62O, and 16.67"~ a t  1 
and 3 MHz. The velocity a t  1 and 3 MKz and the attenuation a t  1, 3, and 5 
MHz have been determined along an isochore of mean reduced density 

p/p, = .95. 
p/p, = 1.03. 
nepers per wavelength (-375 dB em-') have been observed a t  1 MHz. 
a very noticeable velocity dispersion between 1 and 3 M H z  i n  the immediate 
vicinity of the c r i t i ca l  point. 
deviates from the classical value of 3 and approaches unity. Attenuations 
as high as 0.55 neper per wavelength (-1400 d3 em-') have been measured at 

In  addition 1 MHz velocity and attenuation were measured fo r  
Velocities as low as 94.7 m sec-l with attenuations of 0.404 

There i s  

In  addition, the r a t io  %(3 MHz)/ah(l MKz) 

3 MHZ. 

2.0 Dynamical Calorimetry 

Personnel: C. W. Garland; A. Bonilla 

Phase-sensitive detection techniques have been applied t o  the 
measurement of heat capacities near a c r i t i ca l  point. The sample is subject 
t o  a heat input 
detected with a 
detector. This 
capacity of the 
function of the 

a t  a fixed frequency td and i t s  temperature varit tion is  

thermocouple whose output i s  measured with a "lock-in" 
output signal, which is  inversely proportional t o  the heat 
sample, can be measured with considerable precision as a 

mean sample temperature. The dynamic behavior of a system 
with oscillatory heat input i s  determined by two time constants. It i s  

desirable tha t  071 > 1 and f&2 << 1, where 71 is  the relaxation time for 
heat flow between the sample and the surroundings and 72 i s  the character- 
i s t i c  time for  the sample t o  reach internal thermal equilibrium. 

Apparatus has been designed and t e s t  measurements are i n  progress on 
the application of t h i s  method t o  chromium near i t s  antiferromagnetic 
transition. 

3.0 Low-Temperature X-Ray Diffraction 

Personnel: C. W. Garland; A. Bonilla 
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The l a t t i ce  parameters of MI4& have been measured as a function of 
temperature from 5°K t o  150°K, a range which includes the region of the 
t ransi t ion between cubic and tetragonal ordered phases. 
CsC1-type phase exhibits normal thermal expansion up t o  -108% on warming, 
while the tetragonal diffraction pattern persists darn t o  -80°K on cooling. 
The present data are combined with previous measurements between 150°K and 

300°K t o  yield an overall picture 09 the variations associated with changes 
i n  ordering. This work i s  now complete, and a manuscript describing our 
resul ts  should appear soon i n  Acta Crystallographica. 

The low-temperature 

4.0 Pressure-Volume Measurements 

Personnel: C.  W. Garland; B. Weiner 

A high-precision capacitance method of measuring the change i n  length 
of a'single crystal as a function of pressure has been developed and 
applied t o  N&Cl  near its "1ambda"line. 
obtained a t  f ive different constant temperatures between 250 and 270°K. 

These observations clearly confirm the existence of a first-order transition 
along the low-pressure end of the order-disorder transition l ine.  A t  l b a r  
and -242%) it i s  definitely known (from X-ray and from capacitance data) 
tha t  there i s  a discontinuity i n  the volume: A t  1000 

bar and -Z5Z?OK, th i s  first-order discontinuity i s  much smaller 
(AV/V = 1.6 x 
0.2 x 

A large quantity of data have been 

AV/V = 4.8 x 

, and AV/V i s  probably zero and certainly less  than 
at 258OK a t  1'700 bar. 

A t  temperatures greater than 258°K and corresponding transition 
pressures greater than l 7 O O  bar, there i s  no Longer a first-order character 
t o  the transition. Between 1700 and 2500 bar, the transition appears t o  be 
of the classical  lambda type. 
in f in i te  slope but no discontinuity. 
i s  s t i l l  rapid but not inf ini te ly  so. 
indicates the t ransi t ion i s  second-order i n  the Ehrenfest sense. 

In  other words, the V(p) curves exhibit an 
Above -2500 bar the volume variation 
Preliminary work i n  th i s  region 

Theses: 
P. E. Mueller, "Ultrasonic Velocity and Attenuation i n  Xenon near i t s  

Liquid-Vapor Cri t ical  Poiqt", Ph.D., Eepartment of Chemistry, June 1969. 

Publications : 
C. W. Garland and R. A. Young, "Elastic Constants of Ammonium Bromide. 11. 

High-Pressure Ultrasonic Investigation of the Phase Transitions", 
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J. Chem. Phys. 9, 5282 (1968). 

&P04", PWs. Rev. 1.77, 971 (1969). 

C. W. Garland and D. B. Novotny, "Ultrasonic Velocity and Attenuation i n  

C. W. Garland and N. E. Schumaker, "Infrared InvestigatLon of Ordering and 
and Structural Changes i n  Ammonium Halides", - 

Structure of Solids, WBS Special Publ. No. 301, p. 241 (1969). 
A. Bonilla, C. W. Garland, and N. E. Schumaker, "Low-Temperature X-Ray 

Investigation of mBrr", Acta Cryst. A25, (1969). 
C. W. Garland and D. D. Snyder, "Ultrasonic Attenuation near the Lambda 

Transition in N&C1 at High Pressures", J. Pbys. mea. Solids, to be 
published. 
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XII. CRYSTAL AM) SURFACE STRUCTURE IWESTIGATIONS in  Metals, Zwlites,  
and Other Substances by X-Ray, Neutron, and ZOW Energy Electron 
Diffraction 

Faculty: 
D. P. Shoemaker, Professor, Chemistry 

Research Staff: 
Dr .  Clara B. Shoemaker, Research Associate, Chemistry 

Graduate Students : 
P. C. Manor, Research Assistant, Chemistry 
R. A. Ogilvie, Research Assistant, Chemistry 
J. Bartley, Teaching Assistant, Chemistry 

Support Staff': 
Janet Pollock, Secretary, Chemistry 

Personnel who have l e f t :  
Dr. Yu. V. Yoroshilov, Visiting Scientist, Chemistry (now a t  University 

M. A. Taylor, Research Assistant, Chemistry {now a t  Bradley University, 
of Lvov, USSR) 

Peoria, 111. ) 

Bgrees Granted: 
M. A. Taylor, Ph.D., Chemistry, February 1969 

Sponsorship: 
Advanced Research Projects Agency, SD-90, DSR 78883 
Army Research Office (Durham) , DA-31-124-ARO(D)-358, DSR 74966 
National Science Foundation, GP-4977, DSR 76025 
Humble O i l  and Refining Co., DSR 78996 

Research Report 

1.0 X-Ray and Neutron Diffraction Studies of Metals and Alloys (Army) 

The crystal  structure of the nu phase Mnnsr.5SiLa.s (Xmmm, a = 17.01, 
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b = 28.76, c = 4.65 A, 186 atoms per un i t  ce l l )  has been fu l ly  refined 
[to R = 0.045). 
i n  t h i s  program 
and atomic near-neighbor coordination numbers of E, 14, 15 and 16. 
structure i s  closely related t o  tha t  of the P phase (I&-Hi-Cr). 

The atomic arrangement as i n  structures determined ear l ie r  
i s  characterized by exclusively tetrahedral inters t ices  

The 

The crystal  structure of a phase i n  the Mn-Co-Si system has been 
determined. 
amroximate composition Mn45C0&X1~ kindly furnished by Professor Paul A. 

Beck, but it appears l ikely tha t  the structure determined i s  actually tha t  
of the Y phase of a nearby composition (somewhat richer i n  Si) ,  a phase 
designated X by Russian workers, and that  our Q phase sample contains 
crystals of Y. The structure, with space group Pnnm, a = 15.37, b = 12.26, 
c = 4.76 A, 74 atoms per unit ce l l ,  was determined by the Karle and Karle 
symbolic addition method. This structure also has only tetrahedral 
inters t ices  and CN 12, 14, 15, and 16, and i s  very closely related t o  the 
Laves phases. 

The crystal  specimen was taken from a sample of Q phase of 

2.0 Fundamental Studies i n  the Field of Aluminas, Molecular Sieves, and 
Related Materials (Humble) 

A body-centered cubic structure (a = 15.3A, Im3m) has.been found for  a 
synthetic zeolite, and a reasonable f i t  has been obtained between observed 
and calculated powder intensities. Refinement i s  i n  progress. 

5.0 Low-Energy Electron Diffraction (NSF, ARPA) 

Analysis of the intensity of the 00 reflection from Zn 0001 at  near 
normal incidence as a function of temperature has indicated that  atomic 
thermal motion increases i n  the immediate vicinity of the surface. Apparent 
&bye temperatures (corresponding t o  thermal motion ?.orma1 t o  the 0001 plane) 
range from 127°K at  92 volts beam energy t o  191°K a t  400 volts, demonstrat- 
ing an increase with effective depth of electron penetration; 
value i s  235"~.  Intensity vs. voltage curves for  the 00 reflection a t  near 
normal incidence show nominally "forbidden" odd orders of OOOa, as 
predicted by the theory of Gerlach and Rhodin. 

the bulk 

4.0 Other Crystal Structure Studies 

In  order t o  determine the conformation and absolute configuration of 
the (-) trans-cyclooctene molecule CBHL4, the crystal  structure of the 
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derivative used i n  previous resolution work of A. C. Cope and coworkers, 
the diastereomeric p i  complex CBH14.PtCL~NH26HCH3C6H5, i s  being determined. 
Preliminary resul ts  (R = 0.10) indicate strongly tha t  the r ing has staggered 
rather than eclipsed configurations around the J, 4 and 7, 8 single bonds 
(rzlated by C2 molecuLar symmetry) and that  the absolute configuration i s  

that  predicted for it by Cope on chemical evidence rather than the cootrary 
theoretical prediction o f  Moskowitz and Mislow. Refinement i s  continuing. 

' The structure of a pyrochlore analogue, BiCd2Cle-5&0, i s  being studied 
in  order t o  elucidate the positions of the water molecules, which are t o  
s'ome degree zeol i t ic  (capable of being reversibly removed from the crystal 
without breakdown of the crystal structure 1. 
have been established. 
crystals show strong primary extinction, which can establish i t s e l f  i n  
seconds on exposure of a normally mosaic crystal t o  moist a i r ,  and disappear 
i n  seconds on reversion t o  the i n i t i a l  conditions. 

Tentative &O oxygen positions 
A t  atmospheric humidity close to  deliquescence the 

Thesis : 
M. A. Taylor, "A Low-Energy Electron Diffraction Study of Cleaved Zinc 

Surfaces", Eepartment of Chemistry, February 1969. 

Publications : 
W. B. Pearson and C. B. Shoemaker, "A System of Coding and Generating of 

Layered, Tetrahedrally Close-Packed Structures", Acta Cryst. =, 
1178 (1969). 

C. B. Shoemaker and D. P. Shoemaker, "Structural Properties of some Sigma- 
Phase Related Phases", Chapter i n  "Developments i n  the Structural 
Chemistry of Alloy Phases" (ed. by B. 6. Giessen), New York: 
Press, 1969. 

Plenum 

D. P. Shoemaker and G. Bassi, "On Refinement of the Crystal Orientation 
Matrix and Lattice Constants with Diffractometer Data", Acta Cryst. 
A25, i n  press (1969). - 

D. P. Shoemaker, "On Refinement of the Crystal Orientation Matrix and Lattice 
ColX3tW3ts with Diffractometer Data, 11." Submitted t o  J. Applied 
Cryst. (1970). 
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XII .  MOLECULAR CRYSTALS 

Faculty: 
R. J. Silbey, Associate Professor,  Chemistry 

Research Associates: 
J. S. Alper (Sept. 1, 1968 - Aug. 31, 1969) 
B. Sharf (Sept. 1, 1969 - 1 

Graduate Students: 
M .  Grover, NSF Predoctoral Fellow, Chem. 
P. Chalmer, NSF Trainee, Chem. 

J.  Schroeder, Research Assistant, Chem. 
C. Sloane, Research Assistant, Chem. 

' S. Rackovsky, NSF Predoctoral  Fellow, Chem. 
J. Herzfeld, Research Assistant, Chem. 

Sponsor ship: 

Advanced Research Projects  Agency, SD-90, DSR 75108 (from February 

National Science Foundation, GP-8387, DSR 70993 (from June 1, 1968) 
Petroleum Research Fund of American Chemical Society, #3574-A5, 

1, 1968) 

DSR 71152 (from Sept. 1, 1968 

Research Report: 

During the past year,  work has continued on the exciton phonon inter- 
action in molecular crystals and its relationship to line shapes and energy 
transfer.  
and we have derived a theory which takes this into account using the Green's 
function formalism. The qualitative details of line shapes a re  in agreement 
with experiment, and calculations a re  underway to test the theory further. 
We have also begun work on energy transport in these solids. 

In these crystals, the coupling of these modes may be strong, 

We have also done some work on electron-phonon interactions in mole- 
cules. This work, which was an off-shoot of our  solids work, concentrated 
on a description of the Jahn-Teller effect in molecules, in  particular the 
case of a doubly degenerate vibration interacting with a doubly degenerate 
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electronic state. We found two different unitary transformations which 
partially diagonalized the harniltonian and give good agreement with exact 
calculations. We have also applied this technique in the case of nearly 
degenerate electronic levels ("pseudo" Jahn-Teiler effect). 
ment is good. Our method is much simpler than the machine computations, 
and give comparable accuracy to other more complex methods. 

Again the agree- 

The above work has now been written up and will appear in Journal of 
Chemical Physics shortly. 



SECTION A - CHEMICAL AND SOLID-STATE PKYSICS 59 

XIV . M0LF;CULAR SPECTROSCOPY 

Faculty : 
R. C. Lord, Professor, Chemistry 

Research Staff:, 
I. Baxada, Research Associate, Chemistry 

I D. W. Wertz, Research Associate, Chemistry 
Anne-Marie Bellocq, Research Associate, Chemistry 

Graduate Students: 
C. C. Milionis, Research Assistant, Chemistry 
W. 3, Adams , Research Assistant, Chemistry 
T: L. Berman, Research Fellow, Chemistry 
L. A. Carreira, Research Assistant, Chemistry 
I). C-M. Luk, Research Assistant, Chemistry 
C. W. Wickstran, Research Assistant, Chemistry 
I-T. Yu, Norris Research Fellow, Chemistry 
C. S. Blackvell, Teaching Assistant, Chemistry 
R. Mendelsohn, Research Assistant, Chemistry 
T. Ikeda, Research Assistant, Chl3mistry 
Victoria R. Sauer, Research Assistant, Chemistry 
T. C. Rounds, Teaching A s s i s t a n t ,  Chemistry 
C. J. Wurrey, Teaching A s s i s t a n t ,  Chemistry 

Support Staff: 
Ruth C. Deininger, Secretary, Chemistry 

Degrees Granted: 
L. A. Carreira, P21.D.. Chemistry, June 1969 
D. C-M. Luk, S.M., Chemistry, September 1969 
C. C. Milionis, Ph.D., Chemistry, September 1969 
H-T. Xu, PJLD., Chemistry, September 1969 

Sponsorship: 
Spectroscopy Laboratory: National Science Foundation, GP-492342, 

DSR 71804 
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Spectroscopy Laboratory: National Ins t i tu tes  of Health, 1 R01 GMl.5310-03 
BBCB, DSR 71907 

Research Report 
1.0 Studies i n  Far Infrared Spectroscqpy: 

1.1 Investigation of Molecules with Strongly Anharmonic Potential Functions 

Far infrared spectra of a number of ring molecules having potential 
functions associated with inversion of the ring have been observed for the 
first t i m e .  

potential functions are symmetrical, spectra of several with asymmetrical 
functions have now been analyzed. These include azetidine ($-ring), 2,5- 

dihydropyrrole (5-ring) and cyclopentene epoxide (6-ring). The asymmetry 
introduces complications in to  both the spectra and the mathematical treat- 
ment of the results, but it appears tha t  reliable potential functions can be 

obtained from the spectra. 
measurement and understanding of the sources of conformational energy dif- 
ferences in  ring molecules. Since the barriers studied t o  date i n  the far 

infrared have values of less than 3 kcal, they f a l l  i n  a range different from 

those measured by present nmr techniques, which are usualljr above 7-8 kcal. 

under investigation i n  various five- and six-membered rings. 
cyclopentanone and thiacyclopentane have been investigated and the i r  spectra 
analyzed in  terms of hindered pseudo-rotation. 
under study are 1,4-dioxo-2,5-cyclohexadiene, 3-thietanone and 1,l-difluoro- 
cyclobutane. 

In addition t o  some four- and five-membered rings whose 

A principal objective of these.studies is the 

In  addition t o  inversion, the phenomenon of pseudo-rotation i s  currently 

The molecules 

Other molecules currently 

!l!he supposedly l inear  molecule carbon suboxide has been found t o  have 
absorption in  the far infrared which must arise from a strongly anharmonic 
potential function for  molecular bending. This absorption shows consider- 
able structure over the range 20-80 cm 
contours those bands examined at high resolution i n  the mid infrared. 
computer program has been written t o  enable calculation of these contours, 
and with the appropriate values of the molecular constants the program 
reproduces the observed contours fa i r ly  w e l l .  

also consistent with the gaseous entropy as determined thermodynamically. 
This work is being prepared for  publication. 

-1 , which resembles in its rotational 
A 

The molecular constants are 
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2.0 Infrared and Raman Studies of Compounds of Biophysical Interest  

The laser-excited Raman spectra of a number of substances of biological 
importance have been obtained. 
aqueous solution over a range of temperatures up t o  60% and of pH from 2 t o  

9. 
form have also been recorded, w i t h  the objective of finding which Rsman 
l ines in.lysozyme can be ascribed t o  conformation-independent frequencies of 
the constituent peptides and which are sensitive t o  the conformation of the 
protein. A s  8n example of the former there may be cited the intense indole 
ring l ines  i n  the Raman spectrum o f  the amino acid tryptophane, which show 
up clearly and unaltered in  frequency in the spectrum of lysozyme. 

The enzyme lysozyme has been studied i n  

Spectra of the constituent amino acids in  both monomeric and oligomeric 

Investigation of the association of DNA bases with physiologically 
active compounds i n  chloroform solution has continued. 
related t o  the barbiturates and hydantoins have been examined, though no 
association constants larger than those already measured for the principal 
barbiturates wi th  adenine were found. 
other nucleic acid derivatives has also been measured. 

A number of drugs 

The association o f  hypoxanthine with . 

A study of the f a r  infrared and Raman spectra of single crystals of 
diners formed between 9-methyl adenine and 1-methyl thymine has been carried 
out, together with a study of the crystals o f  each constituent separately. 
With the help of a normal-coordinate'treatment of t h e  sort  first used for 
molecular crystals by Shimanouchi and his school, the low-frequency spectra 
of the complex have been analyzed with some degree of reliabil i ty.  
results of such studies w i l l  eventually be important i n  analysis of the low- 
frequency vibration spectra of RNA and DNA. 

The 

Theses : 
L. A. Carreira, "Far Infrared Spectra of Ring Compounds with Asymmetric 

Potential Functions for  Inversion", Ph.D., Department of Chemistry, 
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Research Report:  
1 . 0  Metals 

The v a r i a t i o n  o f  e l ec t romagne t i c  s u r f a c e  impedance of 
me ta l  s i n g l e  c r y s t a l s  a t  low t empera tu res  w i t h  a p p l i e d  magnetic 
f i e l d  i s  being s t u d i e d .  T h e o r e t i c a l  and expe r imen ta l  a n a l y s e s  
are be'ing c a r r i e d  ou t  t o  i n v e s t i g a t e  t h e  t r a n s p o r t  p r o p e r t i e s  
of t h e s e  c r y s t a l s  under these c o n d i t i o n s .  Experimental  work 
has demonstrated t h e  u s e f u l n e s s  of  t h i s  t echn ique  i n  measuring 
t h e  wave v e c t o r  dependence of t h e  temperature-dependent e l e c t r o n  
mean-free p a t h s  i n  these m a t e r i a l s  and f o r  s t u d y i n g  t h e  a n g u l a r  
dependence of  t h e  s p e c u l a r  r e f l e c t i o n  c o e f f i c i e n t .  

2 . 0  Microwave U l t r a s o n i c  S t u d i e s  
Acoust ic  p ropaga t ion  i n  metals  a t  microwave f r equenc ie s  

i s  b e i n g  s t u d i e d .  P re l imina ry  experiments  i n d i c a t e  t h a t  t h e  
e f f e c t  o f  boundary-layer s c a t t e r i n g ,  l a t t i c e  imper fec t ion  
s c a t t e r i n g ,  and ele 'ctron s c a t t e r i n g  can be s e p a r a t e d  from one 
ano the r  by obse rv ing  the  frequency dependence o f  t h e  a c o u s t i c  
t r a n s m i s s i o n  c o e f f i c i e n t  of  t h i n  f i l m s .  

3.0 Noise i n  Superconducting Bolometers 
P r e s e n t  s t u d i e s  are d i r e c t e d  a t  unde r s t and ing  sources  

o f  n o i s e  beyond t h a t  accounted f o r  by Johnson n o i s e  and 
t empera tu re  f l u c t u a t i o n  n o i s e  i n  superconduct ing bolometers .  
A t  p r e s e n t ,  we are focus ing  on a s t u d y  of t h e  f l u c t u a t i o n  i n  
t h e  en t ropy  t r a n s p o r t  by means of  magnetic f i e l d  v o r t i c e s .  
Th i s  en t ropy  t r a n s p o r t  mechanism may p o s s i b l y  y i e l d  an 
e x p l a n a t i o n  f o r  t h e  anomalous temperature  f l u c t u a t i o n  n o i s e  
observed i n  t h e s e  bolometers a t  zero magnetic f i e l d ,  which i s  
suppres sed  by t h e  a p p l i c a t i o n  o f  a magnetic f i e l d  o f  t h e  o r d e r  
of  a few Gauss. 
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Research Report 

prehensive research program employing various types of gas lasers.  

group’s activities encompass a broad range of the electromagnetic spectrum 
extending from the submillimeter, through the infrared and visible, and 
down into the ultraviolet. 

The Optical and Infrared Lase r  Research Group engages in a com- 
The 

A unified approach is adopted in the exploration 
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of a varied set of problems. In this approach, fundamental research ob- 

jectives and related problems in applied research have evolved together, 
often requiring the development and perfection of new devices and tech- 
niques. The activities of the group may be subdivided into several  broad 
categories, each consisting of several  experiments: 

1.0 

2.0 
3.0 

4.0 

Measurement of the Frequency of Light 
Nonlinearities of Atomic and Molecular Resonances 
Transmission and Generation of Short Duration Pulses 
Studies of Excitation and Relaxation Mechanisms in Atoms 
and Molecules 
Studies in High Magnetic Fields 5 . 0  

1.0 MEASUREMENT OF THE FREQUENCY OF LIGHT 

1.1 ~ Developments of Infrared Point-Contact Rectifiers and Frequency 
Mixer Diodes; Applications in Laser Harmonic Frequency Mixing 
F o r  the first time at infrared frequencies, a special fast response 

sec. } point-contact rectifier and mixer diode (response time 7<,3  x 

is developed and used  to mix the high order harmonics of an infrared laser  

with the fundamental frequency of another infrared laser  and a microwave 
intermediate frequency. The diode is used a s  a lumped circuit element a t  

the infrared frequencies much the same a s  the rectifiers and frequency 
mixing diodes a r e  used at  the microwave frequencies. The experiment 
provides the crucial technique necessary t o  establish a frequency multiplier 
chain for comparing the frequency of short wavelength infrared radiation 
with that of a standard microwave clock--an a rea  of considerable impor- 
tance in establishing an ultimate connection between the length and time 
standards. Furthermore, harmonic frequency mixing of this type provides 

a means of comparing two widely differing infrared frequencies with an 
accuracy surpassing considerably that of the previous standard means of 
wavelength comparison. The experiment also gives a direct proof that the 
special frequency mixing element acts a s  a diode with nonlinear character- 
ist ics which allows alternating currents to  flow through its junction at 
frequencies a s  high a s  3 x l O I 3  cycles/sec--a development which makes 
possible the extension of most microwave rectification and frequency mixing 
techniques into the infrared region. 
28. QJ water vapor laser  is mixed in the diode with that of a 9. $ C02 laser  
and a K-band microwave klystron radiation. 
when the klystron frequency is tuned to  the difference between the frequency 

’ 

In the experiment, the output of a 

A strong beatnote is observed 
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of the 9. $ l aser  and the third harmonic of the 28. Op laser .  
The diode element consists of a thin tungsten wire antenna--about two 

microns diameter and several  mill imeters long--mounted at the end of a 
coaxial cable, its tip pointed by means of a standard etching technique, and 
contacted mechanically with a nickel (o r  cold-rolled steel) post mounted on a 
differential screw to allow fine adjustment of the point contact. 
radiations and the microwave klystron output a r e  coupled to the diode’s thin 
w i r e  antenna; the mixing beatnote and the infrared rectification signal 
voltages a r e  observed across  the diode. 

metal  point contact occurs through a thin oxide layer and the tunneling of the 
electrons across  the layer is responsible for the nonlinear voltage-current 
characterist ics leading to  the infrared rectifications and frequency mixing. 
Experiments a r e  underway to establish the details of the processes. 

The above diode i s  applied in a variety of other frequency mixing ex- 
For  instance, an 8% D20 laser  is mixed 

The laser  

It is believed that the tungston- 

periments at  lower frequencies. 
in the diode with the output of a 337p HCN l a se r  and a microwave radiation at 
C-band (5.9GHz); here, the fourth harmonic of the 337p l aser  frequency 
differs from the 8% la se r  frequency by 5.9GHz. 
then determined by mixing the 337p l aser  with a high order’harmonic of a 
microwave klystron frequency at  V-band: 

The 8% laser  frequency is 

The success  in frequency mixing of the 9. Z$A and 28. @ l a se r s  ensures 
the application of the diodes in s imilar  laser  harmonic frequency mixing at  
least  up to  the sc( limit. Accordingly, frequency multiplier chains may now 

be established for the measurements of the absolute frequencies up to this 
limit. It is likely that the point-contact diode of the type described here may 
have response limits considerably above the % region; additional experiments 
a r e  required to  establish the upper limits. 

It should be noted that frequency multiplication from lop towards the 
visible region has been possible for some time through the use of bulk non- 
linearities--a well-known technique which has already been used, for e x a m p  
le, in tripling the lop C 0 2  l a se r  frequency. 
multiplication below the lop region has required the development of an 
entirely different approach based on the development and application of the 
infrared and far  infrared diodes. Accordingly, the closing of the gap up to  
the % region makes possible the application of already existing means to the 
frequency comparison of a near infrared (or possibly a visible) l a se r  with 

that of a microwave clock. 

However, frequency mixing and 

In addition to  a variety of applications in precision spectroscopic 
studies, absolute frequency measurements in the infrared and the visible 
range have important applications in  the a rea  of establishing a firm connec- 
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tion between the length and t ime standards and in precise determination of 
the speed of light. It must a lso be noted that recent experiments based on 
the inverted Lamb-dip have made available a family of narrow resonances in 
the infrared and the visible region which a r e  particularly suitable for re- 
producible frequency resettings of appropriate gas lasers  with a high degree 
of accuracy; comparison of these laser  frequencies with a microwave clock 
makes these resonances interesting candidates for use a s  primary time 
standards. 

1 . 2  Precise  Determination of the Speed of Light 
Considerable progress has been made in our speed of light experiment. 

The measurement is being made by simultaneously determining the 
frequency and wave length of an 8% D 2 0  laser ,  
is measured by mixing it with the 3 3 7 ~  HCN l a s e r  frequency and a suitable 

microwave frequency. 
wavelength of a stabilized 6328A laser  and a Michelson interferometer 

, (constructed at Perkin-Elmer). A digital computer is utilized to analyze 
the output of the interferometer to provide a precise determination of the 
ratio of the wavelengths of the infrared and visible lasers .  

The frequency of the laser  

The wavelength is determined by comparison with the 
D 

. 

At the present time the frequency measuring apparatus at 8% is in 
working condition. 

considerable progress has been made in the las t  month in eliminating 
several  serious effects. 
Michelson interferometer back into the laser  has been overcome by means 
of attenuators. 
mounting the detector on a piece of mylar to isolate it from the cold finger. 
This eliminates temperature fluctuations caused by the bubbling. The com- 
puter program to analyze the fringes of the 8% and 6 3 " 8 i  l asers  is now 
running very well. 
be made in the near future. 

Iqsofar a s  the wave length measurements a r e  conserned, 

The problem of feedback of 8% radiation from the 

The low frequency detector noise has been eliminated by 

A preliminary determination of the speed of light should 

With the recent extension of laser  harmonic frequency mixing up to  the 
% limit, the above measurement may be shifted from the 8% to the 10.6~.  
This possibility is now under consideration. 

2 . 0  NONLINEARITIES OF ATOMIC AND MOLECULAR RESONANCES 

2 .1  Laser-Induced Line Narrowing Effects in Spontaneous Emission in 
Neon 
This experiment is part of a continuing program aimed at measuring 

radiative parameters, collision cross-sections and atomic and molecular 
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constants by means of laser-induced line-narrowing techniques. The output 
of a high power single-mode 1.1% He-Ne laser  is focused into a low 
pressure Ne sample cell. The lineshape of spontaneous emission from the 
sample cell  at  6096d is observed along the axis of the incident beam by 
means of a high-resolution Fabry-Perot interferometer. Since the lower 
level of the 1.1% transition is the upper level of the 6 0 9 6 i  transition, the 
laser  field produces narrow 6 0 9 6 i  change signals superposed on the usual 
Doppler broadened background. 
travelling wave a single change signal is observed. If it is in the form of a 

standing wave, two change signals of different widths appear symmetrically 
located on opposite sides of 6 0 9 6 8  center frequency. 

In an ear l ier  version of this experiment, the 6096A emission signal 
from the He-Ne mixture within the laser  cavity itself was observed. 
Consequently, only a very restricted range of pressure conditions could be 
studied. In the present arrangement it is possible to vary the pressure of 
pura Ne (or mixtures) over a wide range, including very low pressures 
(-lO-’torr). It is thus possible to accurately measure radiative widths, 
collision broadening and pressure shifts. 

about four months ago. 
proved. 
image sample cell), increased Fabry-Perot efficiency (by going to lower 
reflectivity mirrors) ,  increased size of central  maximum of Fabry-Perot 
(by slightly increasing instrumental linewidth) and increased signal intensity 

(by removing one of the two 6 0 9 6 i  interference filters). A t  present a signal 
noise ratio of 1O:l is obtained at  a sample cell pressure of -20 microns with 
a 0.1 sec. time constant. The corresponding line widths a r e  below 100 Mhz, 
about 25 t imes smaller than the Doppler widths. 
ments of pressure broadening and width differences between broad and 
narrow signals have been made. 
up for  final measurements of pressure broadening and pressure shifts. 

If the applied laser  field is in the form of a 

0 

0 

’ 

The change signals from the external sample cell were first detected 

Improvements were made in optics (longer focal length lens to 
Since then their quality has been significantly im- 

Preliminary measure- 

At the present time we a r e  beginning to set 

2.2 High Resolution Stark Spectroscopy in Ammonia Using Nonlinear 
Techniaues 
Recently we have observed extremely narrow Lamb-dip resonances in 

stark-tuned transitions of the NH2D molecule. 
P(20) C02 laser  line is used to produce a quasi-standing wave field in an ex- 
ternal cavity containing NH2D at a low pressure.  By sweeping the stark 
field up to about 11 e. s. u . ,  it is possible to  tune the sample through four 
resonances corresponding to the stark components. of the 514(s) - 404(a) 

In this experiment the 
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transition of the v vibration. A s  the center frequency of a s tark transition 
is tuned t o  within a natural width of the frequency of the applied standing 
wave field a narrow Lamb-dip change signal occurs. 
signal, 1. 5MHz, is about 60 t imes smaller than the Doppler width. 

2 

The width of the change 

A t  the present t ime several  improvements and modifications a r e  being 
Using a more efficient chemical reaction w e  a r e  trying to increase made. 

the NH2D concentration, which was previously only about 1:200. Thus, it 
should be possible to considerably enhance the change signals. W e  a r e  also 
in the process of studying Lamb-dip resonances in several  other transitions 
in NHZD which coincide with the P(14), P(16) transitions of the C02 laser.  
Transitions in NH a r e  also being explored. 3 

2 . 3  Theory of a High-Intensity Gas Laser  
A semiclassical  theory of a single-mode gas laser,  valid f o r  essen- 

tially arbitrary values of field intensity, has been formulated. The theory is 
foSmulated in te rms  of an ensemble-averaged form of the density matrix 
equations of motion involving a single set of coordinates. The polarization 
and the population inversion density a r e  expanded in spatial Fourier com- 
ponents. One obtains a set of coupled difference equations in the Fourier 
coefficients, yn, which may be solved subject to  appropriate boundary con- 

ditions on y, for large n. The solutions may be expressed in te rms  of con- 
tinued fractions in the general case, and in closed form in important 
special cases. Quantities of interest  a r e  evaluated by computer. The 
steady-state laser  intensity and frequency a r e  obtained from the coupled E. 
M. field equations a s  functions of the cavity parameters and the linear gain 
of the amplifying medium. 
distribution of the space-averaged population inversion density exhibits a 
fine structure for low velocity atoms superimposed on the usual broader 
depletion. 
amplifying medium. 
rate  equation approximation; and with the recent work of Stenholm and Lamb. 

Discrepancies with the latter paper a r e  explained. 

explored. 

A t  moderate values of field intensity the velocity 

This structure is a manifestation of the coherent ringing of the 
The results a r e  compared with those obtained in the 

Several interesting implications of these results a r e  currently being 

3.0 TRANSMISSION AND GENERATION OF SHORT DURATION PULSES 

3.1 Experiments with Short Light Pulses a t  10.6~ 
Strong and short coherent pulses of electromagnetic radiation propa- 

gate through extended absorbing media with anomalously low absorption 
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they a r e  delayed and reshaped. Experimental results,  together with a 

detailed theoretical explanation, for 1 0 . 6 ~  wavelength pulses through gaseous 
SF6 have been obtained. 
that spectral  region is important, and enables us  to use a simple model to 
describe observed phenomena. 
dipole moments. 
excitation. One corresponds to  very strong excitation and 20 absorption 
lengths in the medium: pulses sharpen at  their  leading edge, while their  

front part  gets absorved. 
only two absorption lengths: re-radiation can be distinguished and long 
delays result  which qualitatively resemble the behavior of a two level 
system in self-iaduced transparency. 
tained between a previous theoretical treatment of a homogeneously broad- 
ened multi-level medium, and experiment. The agreement is substantiated 
by computer calculations. 

The degeneracy of overlapping levels of SF6 in 

We assume a continuous distribution of 
Results a r e  particularly interesting in two regimes of 

The other pertains to  much lower excitation and 

Fairly conclusive agreement is ob- 

3 . 2  Bi-Stable Optical Element 

A bi-stable optical element which is capable of producing very short 
pulses has been developed. The device, an optical resonator containing a 
saturable absorber,  consists of two  BaF2 mi r ro r s  coated with a single XJ4 

layer of Te  in an enclosure which can be filled with various pressures  of 
SF6 gas, a strong saturable absorber of the P(16) transition of the 1 0 . 6 ~  C02 

l aser ,  In the simplest configuration the device, placed in the output beam of 
a Q-switched C02 l aser  operating on the P(16) line, produces a sharpening of 
the &-switched envelope. 
c reases  the field strength of the applied field within the enclosure, thus en- 
hancing the bleaching characterist ics of the absorber.  Furthermore,  under 
appropriate conditions of absorption coefficient a d  m i r r o r  reflectivity, a 
bi-stable operating regime can set in in which the device switches over 
discontinuously from a state of low-intensity and high-absorption to  one of 
high-intensity and low-absorption, o r  vice versa.  The switching time de- 

pends on the ringing t ime of the resonator and the parameters of the 
absorber,  and can be a s  short a s  lo-' -lo-'' sec. 
the device can produce variable length pulses, long pulses trains,  logical 
operations on two signals, and memory functions. 

This sharpening occurs because the resonator in- 

In other configurations 

4.0 STUDIES OF EXCITATION AND RELAXATION MECHANISMS IN 
ATOMS AND MOLECULES 

4.1 Motional Narrowing Spontaneous Raman Scattering in Hydrogen 
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The effect of motional narrowing of the linewidth in the spontaneous 
vibrational Raman scattering in H2 and D molecules is observed and 
studied exhaustively. 
the Raman light source and the Raman scattered linewidth is analyzed with 
a scanning Fabry-Perot and a photon correcting detection system. 
periment has a lso included detailed observations of the pressure  shift and 
pressure broadening in several  Raman scattered lines. 

now near completion. 

2 
A frequency stabilized argon ion gas l a se r  is used a s  

This ex- 

The experiment is 

4.2 Far-Infrared Continuous-Wave Laser  Oscillation in Pure  Helium 
A continuous wave infrared helium laser  has been constructed which 

oscillates a t  9 5 . 8 ~  and 216. 3p. corresponding to  the 3' P 4 3D and 4' P -+ 

4' D transitions, respectively. The active medium is a low pressure D. C. 

excited gas discharge of pure helium. 
An important aspect of this laser  is the fact that many of i ts  features 

a r e  essentially predictable from existing theoretical calculations in helium 

start ing from the first principles of quantum mechanics. 
He plasma has been extensively studied in the l i terature and considerable 

information is  available on parameters such a s  electron energy distribution 
and electron mobility. Accordingly, a study of the excitation mechanisms 

has enabled accurate calculation of laser  gain and output power starting from 
first  Frinciples. 
experimental findings over wide ranges of currents  and the gas pressures.  

Precise  absolute frequencies determinations of the He laser  a r e  a lso 

Furthermore,  the 

The resul ts  a r e  remarkably in close agreement with the 

in progress.  
corrections and relativist ic effects in He. 

These measurements w i l l  provide important tes ts  of radiative 

4. 3 Excitation in Atomic Hydrogen by Means of Dissociative Excitation 

Transfer  

A study is being made of dissociative excitation t ransfer  from Ne 1s 
metastables to hydrogen molecules in a liquid N -cooled low pressure neon- 
hydrogen discharge. 
atoms of high average Kinetic energy in  the n= 3 level. 
siderations suggest that under optimum conditions population inversion 
should occur between the n=3 and n=2 levels (Ha transition) a t  the wings of 
the velocity distribution, where no re-absorption from the ground state t o  

the n=2 level can occur. Cooling the discharge in a liquid N2 bath enhances 

the expected inversion by narrowing the velocity distribution of the lower 
levels, Measurements a r e  being made of spontaneous emission intensity and 
decay t imes in the afterglow of a pulsed discharge. 

- 

5 
2 

The process favors production of excited hydrogen 
Theoretical con- 
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4.4 Studies of Molecular Vibrational Relaxation 
Studies of energy t ransfer  and vibrational relaxation in CO has con- 2 

tinued. These have included measurements of the diffusion of vibrational 
excitation of the 001 state through C02 (and through a variety of buffer gases) 
Also, the effect of the imprisonment of radiation and its pressure dependence 
of the (001) j (000) is studied in detail and compared with the theory. The 

measurements have also included detailed observations of the decay rate of 
the (100) level and its coupling to the nearly (020) levels. 

5.0 STUDIES IN HIGH MAGNETIC FIELDS 

5. 1 Application of a Laser  Magnetoreflection Spectrometer to a High 
Resolution Study of Graphite, Antimony and Bismuth 
An infrared laser ,  which employs Ne, He-Ne, He-Xe, and He-Kr-Ne 

gas mixtures and which operates continuously at  some forty-five wavelengths 
in the range 3.1069g 5 h  5 21.7461-(, has been applied to  high resolution 
magnetospectroscopy of semi-metal  graphite, antimony (Sb), and bismuth 

(Bi). 
l a se r  photon energy a s  a function of the slowly varying d. c. magnetic field. 
Furthermore,  the first and second derivatives (dR/dH and d R/dH2) a r e  ob- 
tained.by means of modulating the magnetic field. 
stabilized by the Combination of a servo-ir is  control and a feedback scheme 
on the discharge current,  
resolution and sensitivity which surpass those of a conventional spectromet- 
er by up to  two orders  of magnitude. 

In the study of graphite, a new insight has been gained in the under- 
standing of the complex K-point interband transition .spectra in the low 
quantum limit. Firstly, the assignment of the ca r r i e r s  at  the K-point of the 
Brillouin zone has been reversed from the holes to  electrons. Secondly, in 
making the identifications of various transitions in t e rms  of the Slonczewski- 

W e i s s  band model, certain forbidden transitions were found to have com- 
parable strength to allowed transitions. A consequence of this is the assign- 
ment of the SW parameter y3 = 0.29 2 0. 02eV, which indicates an unusually 
large trigonal warping of the graphite Fe rmi  surface. Therefore, no form of 
perturbation theory is likely to  handle the magnetic energy level structure in 
the vicinity of the K-point. In addition, the oscillatory reflectivity spectra 
associated with the zone corner  H-point interband Landau level transitions 
have been measured. 
much interest  in that it provides a means of accurately determining the 

parameters  yo and A. Also, comparison thus fa r  shows very little 

The experiment consists of measuring the reflectivity. R at  a fixed 

2 

The laser  amplitude is 

The l a se r  spectrometer is capable of overall 

The study of the highly asymmetric lineshape is of 
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difference between the magnetoreflection data of pyrolytic and single cryst-  

a l s  of graphite. 
In the case of Sb, the optical Shubnikov-de Haas effect is investigated 

using l a se r  radiation. The effect derives from the oscillations in the optical 
conductivity which a r e  periodic in (l/H), a s  is characterist ic of the de Haas- 
van Alphen type phenomena. 

The effect highes on and gains by a high degree of magnetic field homo- 
geneity, low temperature,  and monochromaticity and a preferential direction 
of polarization of the probing laser  radiation. 

vicinity of the plasma frequency (h % = 0. lev), where a lineshape reversa l  
occurred a s  the laser  frequency w crossed %. 
F., 1. 9'K has revealed a strikingly large dHS oscillation in the photon energy 
range 0 . 0 6 7 0 5 3 ~ 5  0.3535eV. 
effect does not sufficiently explain the data, and a current theory invokes an 
additional contribution from a set of interband transitions with proper 
coupling and density of states in order  to describe the phenomena over a so  

much broader energy range. 

transit ion spectra a s  w e l l  a s  the Azbel-Kanar cyclotron resonance spectra in 
bismuth is continuing.' 

In the previous investigations, the effect was seen only in the 10% 

Recent measurements at  

The classical  intraband picture of the dHS - 

- 
The high resolution study of the interband 
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1.0 Electronic and Optical Properties of Materials (Amy, ARPA) 

The lasing output of optically pumped PbSe under an applied s t ra in  that 

s p l i t s  the multi-valley degeneracy of the conduction and valence bands is 

being studied. 
A t  sufficiently lafge applied s t ra in  stimulated phonon emission should take 
place. 

Both longitudinal and transverse modes have been observed. 

Ultrasonic frequency modulation of GaAS diode lasers has been achieved 
up to  470 Mc using quartz transduces and a t  1 GH using CdS. Accurate 
measurements have been made at 150 Mc of the side bands and a modulation 
index of 6 has been achieved a t  150 Mc giving a t o t a l  frequency deviation 
of 900 Mc. 
cw lasers. Detailed measurements have been made ozi the frequency changes of 
the 5aser during a pulse. 

scattering near a resonance while modulating the frequency s h i f t  by perturbing 
the phonon spectrum of the scatter. 
for  C02 i n  the 10 GEiz range. 

been calculated. 
and photoemission measurements. The E(k) evaluation w a s  done using the k-p 
interpolation method previously develaped for vacancy states. 

z 

Ultrasonic modulation is being studied both with pulsed and 

Frequency modulation of a GO2 laser i s  being studied using Raman 

This may lead to  a modulation band width 

The dielectr ic  constant E(k) and the density of states for PbTe have 
They are i n  excellent agreement with the optical properties 

The velocity of sound is being measured i n  PbSnTe as a function o f  the 
The gap can b e  made t o  go through zero and open up s ize  of the energy gap. 

again as the temperature is lowered. As this  happens there is a substantial 
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redistribution of chalzge among the Bloch states. 

i n  a change i n  the elatic properties since the interatomic potenial is  de- 
pendent on the charge distribution in the solid. 

This is i n  turn reflected 

2.0 Correlation in  Narrow Bands-Magnetoelectrics (ONR) 

The McTrvine-Overhauser superlattice representation has been carefully 
investigated. 
lower energy than a single determinant of Bloch or Wannier functions do not 
sat isy the usual llartrte-Fock type equations. 
band system there exis ts  a new type of Hartree-Fock function that w i l l  lead to  
lower energies than the Bloch or Wannier types. We are trying to  determine 
these new functions. 

It has been shown to lead to single determinantal states of 

This implies that €or a narrow 

The conductivity of amorphous materials is being studied using a cluster 
technique developed i n  th i s  group. 
ductivity predicted by the model agrees with experiment, 

The frequency dependence of the con- 

A study of the magnetoelectric effect  is being carried out using a 
f i e ld  theoretical approach. 
such a coupling of electric and magnetic behavior can be achieved. 

It has been established under what conditions 

3.0 Optical and Magnetb-Optical Study of Solids 

The high resolution magnetoreflection technique using a helium-neon 
laser has provided a valuable to61 for the study o f  the magnetic energy level 

structure of several s e m i m e t a l s .  
reflection spectra using circularly polarized laser radiation between 0.069 
and 0.224 eV was analyzed with particular emphasis on the special Landau 
level transitions that occur i n  the low quantum l i m i t .  To understand the 
complicated spectrum observed i n  the low quantum limit ,  a detailed magneto- 
reflection lineshape calculation was carried out based on the Slonczewslci- 
Weiss band model. 
intraband and interband Landau level transitions could be made. It was 
furthermore found that the intensity of certain "forbidden" transitions was 
large compared t o  that  for  the "allowed" transitions; i n  fact, the magnitude 
of the forbidden transitions w a s  so large that no form of perturbation 
theory could be used to  handle to  the handle the magnetic energy level 
structure. 
culate reliably the relative intensity of forbidden and allowed transitions 
and the results of the calculation provided an accurate determination oE the 
graphite band parmuzter Y3. 

In the case of graphite, the magneto- 

Through th i s  calculation, an identification of the various 

By developing a "big matrix technique" i t  w a s  possible t o  cal- 

This parameter governs the coupling between 



certain states i n  the Sloczewski-Weiss band model and completely controls 

the warping of the graphite Fermi surface. 
surface properties is  now underway t o  connect this  new Fermi surface in- 
formation with experimental measurements. 
developed for  this  graphite problem can be equally w e l l  applied to various 
intensity calculations involving other magnetic energy level structures. 

This high resolution technique together with a low temperature cap- 

A study of several Fermi 

The "big matrix technique" 

ab i l i ty  down to  1°K have been applied to  studying the optical  de H a a s -  

Shubnikov effect .  
structure superimposed on a large magnetaplasma background, the present study 
i n  antimony has yielded oscillatons with two orders of magnitude greater 
intensity. 
possible a lineshape study and the asymmetric lineshape observed i n  the mag- 
ne t ic  f ie ld  dependence of the ref lect ivi ty  is w e l l  explained by a simple 
model for  the magnetic energy levels associated with the electron pockets 
i n  antimony. Futher work is i n  progress t o  study quantitatively the de- 
pendence of the optical  de Haas-Shubnikov effect  on temperature, photon 
energy, crystal  orientation and sample geometry. 

Idhereas th i s  effect  appeared i n  previous work as a ~1% 

This great enhancement of the de Haas-Shubnikov effect  has made 

The infrared ref lect ivi ty  of arsenic has been calculated and correlated 
with Fermi surface, magnetoreflection and.optica1 ref lect ivi ty  measurements. 
These infrared properties are strongly affected by interband transitions 
across a small spin-orbit induced bandgap which w a s  discovered i n  our magnto- 
reflection studies. The unusually large intensity of t h i s  interband tran- 
s i t i o n  for  l igh t  incident along the trigonal direction is due t o  the simul- 
taneous occurrence of a large interband momentum matrix element and a high 
density of states. The resul ts  of this  infrared ref lect ivi ty  calculation 
are i n  very good agreement with the experimental infrared ref lect ivi ty  
data. In this  work the Lax two-band model w a s  used Lxtensively to obtain 
band parameters needed i n  the ref lect ivi ty  calculation. The magnetoreflection 
experiments demonstrated the success of the Lax model i n  describing the energy 
bands i n  the l igh t  mass directions; the present work shows that the two band 
model works surprisingly w e l l  even i n  the heavy mass direction. 

The optical  properties of aluminum have been calculated up t o  5 e V  to  
determine whether energy bands based on a one electron approximation could 
provide a quantitative f i t  to optical  data. The energy band model w a s  re- 
quired to f i t  the Fermi surface as measured by the de Haas-van Alphen effect  
and to f i t  the location of the major peak i n  the imaginary par t  of the di- 
e lec t r ic  constant a t  -1.5 eV. Fortunately, the pseudopotential energy band 
model of Ashcroft provides an excellent f i t  to  the Fermi surface data and also 
yields a peak i n  E2 a t  the proper photon energy. This model was therefore 
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used to  provide both the energy levels and the k dependent momentum matrix 
akments needed i n  the dielectr ic  constant calculation. 
the experimental data demonstrates the success of a one electron energy 
band approach to  the calculation of the optical. properties of metals. 
work has also Shawn that the Fourier expansion method can be successfully 
applied to the representation of nearly free electron energy bands i n  metals. 

The good f i t  t o  

This 

4.0 Electrical Conduction i n  Amorphous Semiconductors ( M A ,  ONR) 

4.1 Band Structure and Electrical  Properties of Amorphous Semiconductors 

Amorphous semiconductors, even when highly pure, are characterized by 
large concentrations of electronic states which are localized by the effects 
of the positional disorder. 
Condon principle requires different e lectr ical  and optical  densities-of- 
states. Furthermore, i n  localized states there is  always a difference be- 

Once localized states are present, the Franck- 

* tween ionization potential and electron a f f in i ty ,  a correlation effect, 
neglected i n  one-electron energy-band theory. Thus, band models for amorphous 
semiconductors can be quite misleading. 
band modles of Mott and Cohen i n  order to  explicit ly take in to  account 
electronic correlations and the electron-lattice interactions. In  amorphous 
G e  and Si,  such a moded explains the apparent sharpness of the optical  
spectrum formerly considered to be i n  conflict with the ideas of band- 
ta i l ing  i n  disordered materials. 
is the effective upward displacement of the localized t a i l  o f  the conduction 
band due to  intraatomic electronic correlations taken together with the 
electron-phonon stabil izations of the occupied states i n  the valence band 
tail. I n  the covalent amorphous semiconductors, the model of Cohen, Fritzsche 
and Ovshinsky predicts an overlap of localized states from the valence and 
conduction band tails  somehwere i n  the canter of the gap. 
polaron formation and Jahn-Teller stabilizations are explicit ly considered, 
such a crossing remains probable. Thus, there remains a large density of 
charged traps i n  the center of the gap and a large density of s ta tes  a t  the 
Fermi energy, which have been shown to account for  many of the unique ex- 
perimental properties of the chalcogenide glasses. 

W e  have modified the.one-electron 

The main reasons for the sharp band edge 

When correlations, 

4.2 Experimental Studies of a Memory-Type Chalcogenide C l a s s  

We have studied the NMR and transport properties of a chalcogenide 
glass of composition Tesl Gels Ash. This is an example o f  a material which 



exhibits memory-type switching, as reported by Ovshinsky. 
rhe nuclear magnetic resonance of the Te125 nucleus i n  both the conducting 
and non-conducting states and have found a 0.1% 

between the two states. The resonance i n  the conductive state was 
faund t o  be at  precisely the same frequency as i n  pure crystall ine Te, but 
the spin-lattice relaxation time, T1, w a s  considerably reduced in the alloy. 
We have concluded that the conducting state of the alloy contains poly- 
crystal l ine regions of As-doped Te, the ismized As- ions being the para- 
magnetic impurities responsible for  t h e  decrease i n  T1. 

the non-conducting state must then represent a chemical s h i f t  due to  a 

We have measured 

s h i f t  of the resonance line 

The 0.1% s h i f t  i n  

change i n  enviroruaent of the Te atoms i n  the glass, necessary if a11 of the 
valence requirements of each atom are to  be locally satisfied,  as is the 
current model for covalent amorphous semicoaductors. 

conductivity a t  room temperature up to 1 5 0 ~ ~ ,  the ac Hall effect from 77°K 
t o  300:K, and the magnetoresistance a t  1.6OK up to  140 k O e  of the conducting 
state of Tegl Gels As4. 

freeze-out occurs down to & O K  evidence for  the semimetallic nature of the 
state. 

centration, i n  agreement with th i s  interputation, and a room temperature 
mobility of 85 cm'fi-sec. The ac conductivity results were typical of band 
l ike  conduction i n  an inhomogeneous material, and the magnetoresistance in- 
dicated a two band model is  applicable. 
with thermally activated memory type switching being caused by a phase sep- 
aration of the material in to  Te-rich and GeTe-rich phases, simultaneously 
accompanied by the crystall ization of highly As-doped Te. Some tentative 
conclusions regarding field-induced memory switching can also be reached. 

Me have also measured the dc conductivity f r w  4°K t o  300"K, the ac 

The dc conductivity measurements showed no carrier 

The B a l l  experiments showed a temperature-independent carrier con- 

All of these results are consistent 

5.0 Band Structure and Electrical Properties of Low-Mobility Haterials 

(@A, WR) 

5.1 Band Structure of Magnetic Semiconductors 

Magnetic semiconductors, such as transition-metal and rare-earth com- 
pounds, are generally characterized by a primarily localized optical  spectrum, 
but a band l ike  conductivity. 
even i n  the case of pure, stoichiometric single crystals must result  fran 
the localization of electrons by the intraatamic Coulomb repulsion. 
corralaticrn effect ,  neglected i n  elementary band-structure calculations. In 

a l l  rare earth compounds and many 3d transition metal compounds, i t  ise  batter 

The localized nature of the optical  spectrum, 

This is a 
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approximation to  take the 4f or  3d electrons as being i n  the ionic l imit ,  o r  
completely shielded from the effects of ions other than the one on which they 
are localized. Using such an approach, w e  have calculated the electronic and 
optical  energy band structure o f  pure and Li-doped N i O .  

very w e l l  with the experimental observations. Furthexmore, the somewhat 
surprising resul t  ds obtained that doping N i O  with L i  or producing a sto- 
ichiometric excess of oxygen leads to  an effective raising of the oxygen 2p 
band from f a r  below the Fermi energy, EF, to  about 0.5 e V  below EF. 

effect  leads to  the predominance of 2p holes i n  the measured electr ical  con- 
ductivity above 150°K, a conclusion which w a s  f i r s t  made empirically. 

The results agree 

This 

5.2 Narrow Energy-Band Theory 

A n  expression for  the electr ical  conductivity of doped o r  non-stoichi- 
ometric Mott insulators has been derived i n  the l i m i t  of strong localization. 
This expression, based on the Hubbard Bamiltonian,has been applied t o  Li -  

doped N i O ,  and corroborates the conclusion that the 3d band contribution t o  
dc conductivity is experimentally unobservable a t  a l l  tanperatures i n  this  
material. 

dominate the ac conductivity at low temperatures and high frequencies. 
It can also be seen how bound-polaron hopping i n  the 3d band can 
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11. SUPERCONDUCTIVITY THEORY 

Faculty : 
Leonard W. Gruenberg, Assistant Professor, Electrical Engineering 

Sponsorship : 
O f f i c e  of Naval Research, NONR 3963(16) DSR 74611 
Adva9ced Research Projects Agency SD-90 DSR 75118 

Research Report 

1.0 The Effect of Magnetic Fields on the Superconductinv Transition Region 

With the aid of thermodynamic fluctuation theory and a time-dependent 
Ginzburg-Landau equation, we have studies the behavior of the conductivity 
of a superconductor i n  the mixed state as a function of magnetic f ie ld  and 
temperature. 
portant role  and lead to  a conductivity which varies as IH-HC21-’ for a bulk 
Type XI superconductor and as IH-HC2I-l  fo r  a thin film i n  a perpendicular 
f ield.  
R(H) a t  H = Hc2. 

and dip i n  flux-flow resistance which is often observed in  the mixed state 
near €Ic2. 
width of the dip and comparison with our theory is  desirable. 

Near the cri t ical  point (€4.2, T) ,  fluctuations play an im- 

This leads t o  a temperature-dependent dip i n  the t o t a l  resistance 
Thus, fluctuations may sometimes be the cause o f  the peak 

A detailed experimental study of the temperature dependence of the 

W e  believe that the conductivity must remain f i n i t e  a t  Hc2 and our pre- 

sent e f for t s  are devoted to  including non-linear effects  which are important 
very close to  HC2. 

2.0 Superconductivity i n  Very Thin Films and Whiskers 

It has been rigorously proved that many phase transit ions which occur 
i n  three dimensional systems cannot take place i n  a s t r i c t l y  one o r  two 
dimensional system. 
between one, two, and three dimensions, and is thus inadequate i n  the study 
of small systems. 

However, molecular-field theory does not distinguish 

We have developed a phenomenological generalization of molecular f ie ld  
theory which takes in to  account non-linear fluctuation effects i n  the s i m p l e s t  

self-consistent manner. When applied to  superconductors, the theory agrees 
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with the exact theorems on one and two dimensional systems, and with molecular 
f ie ld  theory (except i n  the cri t ical  region) for  three dimensional systems. 
The theory has had sane success i n  explaining resis t ive transit ion data on 
very thin aluminum films. 
does not agree with Onsager's work on the two dimension Ising model. 
are presently making several refinements which w e  hope w i l l  improve our 
model. 

However, when applied t o  magnetic systems, it 

We 
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Research Report 

Survey 

The general theme of the work undertaken here is the relati 
between electronic device capabilities and limitations, and the materials 
employed. These capabilities and limitations nay be inherent in the 
material itself, or may stem from problems of associated technology. 
efforts therefore span the range from investigations of ultimate circuit 
performance of an existing or newly conceived device, in terms that relate 
closely to its structure, all the way to attacking technological problems 
of importance in determining ultimate device performance. 

Our 

1.0 Differential Optical Absorption and Reflection 

1.1 Optically Pumped Absorption in Cadmium Sulfide 

Personnel: Professors F. 0. Arntz, R. B.  Adler; 1,. Goodman 

Sponsorship: Advanced Research Projects Agency 

Measurements of changes in absorption at sub-gap energies due to 
radiative pumping at energies in the vicinity of the band gap have been 
performed in Cadmium Sulfide crystals. 
performed at temperatures of 77% and 300'K and have been correlated with 
photoconductivity results acquired on the same crystals. 
absorption measurements have proven more time consuming than anticipated, 
but they have provided a fund of energy-resofvel spectra unobtainable 
with techniques previously employed in the study of trapping kinetics and 
recombination in 11-VI  compounds. 
native defects rather than copper impurities account for recombination in 
Cadmium Sulfide. 

These measurements have been 

The pumped 

The results support the conclusion that 

1.2 Electro-Reflection Studies of Mixed Lead-Tin-Telluride Crystals 

Personnel: Professor F. 0. Arntz; C. J. Dillon 

Sponsorship: Advanced Research Projects Agency; Sylvania Corp. 

Electro-Reflection of mixed Lead-Tin-Telluride crystals has been 
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studied using an electrolytic c e l l  technique for  the generation of the 
electric f ie ld  i n  the vicinity of the reflecting surface. In  most 
samples the change i n  ref lect ivi ty  proved to  be simply proportional t o  the 
tcltal reelectivity. This was f i r s t  thought t o  indicate a problem with the 
instrumentation, but substantial variation of the proportionality constant 
with D.C. b i a s  leads to the conclusion tha t  the effect  is  a legitimate 
property of the sample-cell combination. 
a transparent metal - solid insulator - semiconductor sandwich configura- 
tion, however. 

Such a resul t  w a s  not observed i n  

Fine structure w a s  observed i n  studies of a few of the more resist ive 
mixed crystals. 
reported i n  the electroreflection of pure Lead Telluride, but two peaks i n  
the 1.2 to 1.4 electron volt  range are unique to  PbxSnl-xTe. (see Theses). 

Two observed peaks are related to  peaks previously 

2.0 Interaction of Successive Diffusions 

2.1 Phosphorus and Boron i n  S i  

Personnel: Professor R. B. Adler: E. Prahl 

Sponsorship: Advanced Research Projects Agency 

The effect  of a second diffusion i n  "enhancing" o r  "retarding" the 
diffusion of the f i r s t  one i n  a variety of sequential multiple-diffusion 
process for  integrated-circuit planar transistor fabrication has been 
under study for some years, here and elsewhere. For the most common 
elements Boron and Phosphorous i n  Silicon, the effects are especially 
complicated. 

We have found evidence that the "retardation" effect  observed with 
heavily doped bases i n  pnp transistor-like structures does not develop 
during the cooling time. Our model for what does happen i n  those cases 
suggests that  the more common "enhancement" effects observed by us and 
by others i n  a number of different structures with less heavily doped 
bases, and i n  two different crystal  orientations, a r e  a l so  not strongly 
associated with phenomena which occur primarily during cooling. 

Relieving the cooling-time constraint leaves open some reasonable 
choices i n  explaining the diverse effects which have been observed, 
whereas attempting t o  adhere to  th i s  constraint makes the coherent 
modeling of a l l  the processes extremely difficult .  
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2.2 Arsenic and Gallium i n  G e  

Personnel: Professor R. B. Adler; B. P. Mathur 

Sponsorship: Advanced Research Projects Agency 

The experimental work is proceeding slowly; staining methods fo r  close 
junctions are now i n  hand, and masking against As is available. 
with p-n junctions i n  them have been supplied kindly by IBM, made by dif- 
fusfng G a  "bases" in to  Sb-doped "collector" wafers (lightly doped). 
ready t o  add As "emitters". 

Slices 

W e  are 

A good deal of study has gone in to  various theories of bulk interaction 
phenomena such as electric-field enhancement, vacancy-flux interactions, 
"chemical-pump" effects  etc. 
i n  connection with diffusions carried out at  low temperatures, where the 
elastic l i m i t  of the host c rys ta l  is  relatively high and the Debeye length 
for  screening of impurity charges by mobile carriers is relatively long. 

These mechanisms must be considered seriously 

3.0 Physical Effects and X-ray TopograDhic Evaluation of Interface Strain 
from Passivating Layers on Silicon . 

Personnel: Professor R. B. Adler; J. H. Serebrinsky (absent); W. G a j d a  

(absent 1 

Publications on these subjects are  s t i l l  i n  preparation. 

4.0 Nuclear Magnetic Resonance i n  Solids 

Personnel: Professors R. B. Adler, S. D. Senturia, A. C. Smith; 
M. S. Adler, C. R. Hewes, R. Siegel, B. P. Kraemer, 

J. A. Murphy, W. Yorsz, C .  J. Yankowski 

Sponsorship: Office of Naval Research 

The research programs reported on below are  a continuation of our work 
on lead s a l t  compounds; the ferroelectric mixed crys ta l  system, sodium 
potassium tantalate; and most recently, amorphous semiconductors. W e  seek, 
using nuclear magnetic resonance and other methods, t o  extend the fundamental 
understanding of the electronic structure and electrical properties of 

these materials. 
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4.1 Knight Shift in Lead Telluride 

Work has continued on the annealing and characterization o f  good 
quality lead telluride samples with various carrier concentrations. Both 
single-zone annealing and two-zone annealing techniques have been used. The 
effect of powdering on the carrier concentration and the Knight shift has 
been studied, and will be reported shortly. In each sample, measurements 
of the Knight shift of the Pb207 and Te12’ nuclei have been made as 
functions of temperature between 77OK and 300’K. 
this work, including the theory of the Knight shift in the lead salts and 
a current report of experimental findings, is in the final stages of 
preparation (C. R. Hewes). 

The first major report on 

4.2 Knight Shift in (PbSn)Te alloys 

Samples have been obtained over a wide range of lead-tin fractions, 
and preliminary measurements of the Pb207 Te12’ and Sn119 nuclear reson- 
ances have been made as functions of temperature between 77% and 300°K. 
Separation of the chemical and Knight shifts requires samples over a wide 
range of carrier concentrations, and we have begun annealing samples in 
order to vary the cacrier concentrations. 
the range 40% - 60% Pb fraction, where phenomena related to the band 
crossing are expected to be seen (M. S. Adler). 

Present interest is centered in 

4 . 3  NMR in Ferroelectric Na K l - m 3  

After preliminary measurements on the Na23 and Tala1 nuclear reson- 

n 

ances in several non-polar samples, work was begun or. the design of a 
temperature control system for use between liquid helium and liquid 
nitrogen temperatures. 
measurements in the ordered state will follow (R. Siegel). 

The design of this cryostat is nearly complete, and 

4.4 NMR Instrumentation 

Sensitivity measurements have been made on the nuvistorized marginal 
oscillator spectrometer designed by Mr. Hewes and Mr. Adler. The resulting 
data are being compared with a theoretical model of spectrometer sensitivity 
(M. S. Adler. W. Yorsz). 

Investigations into the reduction of nuclear resonance thermometry 
techniques to simple practice have begun. A literature search for possible 
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thermometric materials has been carried out preparatory to the design of a 
semi-automatic high precision digital thermometer (J. A. Murphy). 

4.5 

A brief study was wade of the Tel" nuclear resonance in the two states 
of a memory-type chalcogenide glass. 
conducting and non-conducting states was interpreted in terms of a structure 
change. between the two states (C. R. Hewes). 

A 0.1% chemical shift between the 

Transport measurements on the same chalcogenide glass have been carried 
out. 
and 30OoK, and the frequency dependence of the conductivity to ISOKHz at 
room temperature (C. R. Hewes, B .  P. Kraemer). 

Included in these are the Hall coefficient and resistivity between 7 7 O K  

5.0 Microelectronics 

5.1 Silicon Device Technology 

Personnel: Professor D. L. Smythe; D. Chapman 

Sponsorship: Advanced Research Projects Agency 

The objective of this program is to increase our understanding of the 
various silicon device fabrication processes. Three separate studies have 
been undertaken; 1) Simultaneous fabrication of unipolar and bipolar 
transistors, 2) Oxide masking during long diffusions, and 3) Silicon 
dioxide growth rate in wet oxygen. 

The theoretical and experimental study of transistor fabrication has 
shown that double-diffused p-channel field effect transistors and npn 
transistors can be fabricated in the same wafer using the same two dif- 
fusion cycles. The resulting device characteristics, however, leave much 
t o  be desired. The JFET has low gain, high pinch-off voltage, and low 
breakdown voltage; the bipolar transistor has high gain and low punch- 
through voltage. A computer program has been written and experimentally 
verified to calculate JFET pinch-off voltage from the diffusion profiles. 

Long impurity redistribution (drive-in) diffusions have resulted in 
an apparent failure of the silicon dioxide masking capability. 
experiment has been performed which shows that the reason for this masking 
failure is the occurrence of surface diffusion along the Si-Si02 interface, 
probably caused by strain in the lattice. 

An 
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By modifying the single-oxidant theory for  oxide growth rate, a general 
relationship has been derived f o r  the thermal oxidation of s i l icon by w e t  

oxygen. Experiments t o  check th i s  relationship are i n  progress. 

6.0 Electric Propulsion 

Personnel: Professor R. D. Thornton: W. S. Brown, S. Marshall, R. Van 
Brunt, D. Saar, W. W. Carson, S. Matsuka 

Sponsorship: U. S. Department of Transportation 

M r .  Brown completed an MS Thesis "Electronic Commutation for  a Direct 

Current Machine". lie successfully operated a rotating f ie ld ,  permanent- 
magnet machine as  a motor, using SCR switching and transistor-transformer 
commutation. The commutation scheme seemed to  be well suited for a 
machine with a relatively large number of phases ( in  this  case, 121, but 
motor speed w a s  limited by the turn-off t i m e  of the SCR's. A new machine 
with electromagnetic f ie ld  and a different position sensing scheme i s  being 
explored. M r .  Marshall continued work on the l inear synchronous motor with 
particular emphasis on design considerations for. both high speed t ra ins  and 
lower speed automotive-type vehicles. 
two-phase chopper which appears t o  have high power capability with simplified 
commutation and lower ripple current i n  the load. 
work on a transistor chopper which used many transistors i n  parallel  instead 
of an SCR. 
ways of modeling SCR's during the transient turn-on condition. 

M r .  Saar constructed a new type of 

Mr. Van Brunt completed 

Mr. Matsuka did a preliminary theoretical study of possible 

The MIT electric car was converted into a hybrid car i n  order to  
provide a convenient test fac i l i ty  for  electric propulsion systems. 

7.0 High Power Solid State Devices 

Personnel: Professor R. D. Thornton; J. M, Borky, R. Blanchard 

Sponsorship: National Aeronautics and Space Administration; Advanced 
Research Projects Agency 

M r .  Borky completed an MS Thesis " U s e  of a Thermal Feedback 
Stabilizing Mechanism i n  Power Transistors". 
devices which incorporated negative thermal feedback, but w a s  unable to  
adeouately test the devices. 

H e  was able t o  fabricate 

R. Blanchard has designed a new s e t  of device 
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masks which corrected for problems identified by M. Borky and which allow 
more complete testing. 
attention to experimental measurements of the improvement in second break- 
down characteristics. 

to gate-turn-off four layer devices. 

He plans to fabricate these devices with particular 

Other work will explore the extension of these ideas 

8.0 Study of Basic Device Parameters in the Lead Salts 

Personnel: R .  H. Rediker, L. L. Chang, J. N. Walpole; R. Guldi, 
H. St. Onge 

Sponsorship: Office of' Naval Research, Advanced Research Projects 
Agency, National Science Foundation Fellowship 

In this research program on lead and lead-tin chalcogenides, 

four areas of work are under way. These are (1) diffusion and 

interdiffusion, (2) junction devices and Schottky barriers, (3) 

excess carrier lifetime studies, and ( 4 )  high electric field 

studies. The principal aim of all four areas is better knowledge 

of fundamental properties of these materials in order to improve 

the performance of devices and to make possible new devices. 

8.1 Diffusion and Interdiffusion 

Part of the effort in this area is the routine annealing 

of the lead salts to adjust the deviation from stoichiometry. 

We are able to control this parameter and thus zarrier type and 

concentration over a wide range by one- and two-zone annealing. 

This work is a necessary support to the other programs in which 

we are involved. 

In addition to preparing materials for the other areas, 

we have in close collaboration with A. R. Calawa of Lincoln 

Laboratory made a study of the interdiffusion process itself; 

that is, the process through which the deviation from stoichi- 

ometry changes. This work has been a theoretical and experimental 

investigation of interdiffusion using the p-n Junction depth 



SECTKON B - ELECTRONIC, MAGNETIC AND OPTICAL PROPERTIES 99 

technique in PbSe. The theory seems to explain the experimental 

behavior quite well and makes an important contribution to the 

understanding of both p-n junction device fabrication and 

annealing work as well. 

We have also begun radioactive tracer diffusion work in 

PbSe using a radioactive selenium isotope. This work will help 

to establish a more complete model for the diffusion processes 

and the defect mechanisms in PbSe. 

8 . 2  Junction Devices and Schottky Barriers 

We have in close collaboration with K. W. Nil1 of Lincoln 

Laboratory fabricated Schottky barriers by evaporation of In, 

Pb, Sn and Au on n and p-type samples o f  PbTe and Pbl-xSnxTe for 

x'up to 0.30. Most of  the devices have been In and Pb on p-type 

material. Two areas of interest are involved: (a) For low 

concentration substrates (<1018cm-3) good rectification can be 

obtained with high junction impedances. This result is of 

interest for possible applications with photovoltaic detectors 

and f o r  studying the surface properties of lead salts, (b) For 

high concentrations, the devices show significant tunneling and 

have been studied by the second-derivative of the current-voltage 

characteristic for information on the tunneling structure. The 

tunneling structure has given us the energies of the longitudinal 

optical phonons in the mixed crystals and we have also seen 

structure which may be due to the surface plasmon. 

8 . 3  Excess Carrier Lifetime Studies 

For the lifetime program, we have been studying the time 

evolution of photoluminescence from both PbSe and PbTe samples 

which are optically pumped. by a pulsed G a A s  laser. The rise and 

Fall times of the luminescence pulse is one means of determining 
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the excess carrier lifetime. !Je have also measured the branching 

ratio, defined as the ratio of total lifetime to the radiative 

lifetime, from the absolute amount of the photoluminescence for 

different samples of PbSe and PbTe as a function of temperature. 

8.4 High Field Conduction Processes 

We are investigating two regions of the field-dependent 

conductivity for homogeneous b u l k  samples of the Pb salts. These 

are the hot-electson region where the velocity distribution of 

the carriers is significantly perturbed from a thermal one and 

the avalanche multiplication region in which the density of 

carriers increases by ionization across the energy gap. The 

experimental observation of these effects without sample heating 

has been made possible by the development o f  techniques to produce 

extremely small samples and by developing pulse techniques to 

apply pulses with durations of  the order of nanoseconds to 

these samples. 

In the fabrication of the samples, ohmic contacts are 

made to the end portions of rectangular parallelepipeds of 

PbSe of dimensions typically 0.04 cm x 0.04 cm x 0.25 cm. The 

center portion of the bar is subsequently etched down to desired 

dimensions o f  typically 0.005 em x 0.005 cm x 0.04 cm. The 

structure has the present drawback that because the etched cross 

section of the active area is not constant, it is relatively 

difficult t o  reduce the experimentally obtained current-voltage 

( I - V )  characteristics to velocity-electric field (v-E) character- 

istics. In the results presented below we feel the absolute 

values obtained for v and E are accurate to 30 percent. 

We have seen drift velocity saturation in both n- and p-type 

PbSe at 77OK, and have for the n-type PbSe seen evidence of 
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avalanche multiplication. For the samples investigated, the 
velocity tends to saturate for the p-type PbSe at 1.5 x 10 7 cm/sec. 

2.5 x 10 7 cm/sec. at 77OK and 2.7 x 10 7 cm/sec. at 4.2OK, and for 

7 at 77OK and 1.8 x 10 cm/sec. at 4.2OK and fo r  the n-type PbSe at 

n-type PbSe at 77OK avalanche multiplication begins at about 

2500 volts/cm. 

9.0 Photoluminescence and Photoconductivity in Semiconductors 

Personnel: R. H. Rediker, J. S. Moore; A. Hartman 

Sponsorship: Air Force Office of Scientific Research 

The goal of  this program is the study of photoluminescence 

and photoconductivity in both direct and indirect-gap semiconduc- 

tors, and of ways to control these phenomena. 

Negative photoconductivity in deep-level compensated silicon 

is being studied. The basic mechanism giving rise to negative 

photoconductivity in silicon is an optically induced rearrangement 

of charge on acceptor centers having two energy levels near the 

center o f  the forbidden band. After the charge rearrangement, the 

effective electron capture cross section is increased; hence 

there is a decrease in the density of conduction band electrons 

and a decrease in conductivity. 

Equal rise and decay times for negative photoconductivity 

predicted by this mechanism are not observed. Typical rise and 

decay times are of'the order of 10 msec. but the rise time is 

always less than the decay time by upwards of a factor of two. 

As the photon energy of the illuminating source approaches the 

bandgap energy, the time dependence of the amplitude of the 

conductivity becomes quite complicated. Theoretical models 

involving excited states of  deep levels are being developed which 

show promise of being able to explain most of our observations. 
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Further experiments are under wag to checlc 

With the intention of modulating the 

silicon through the generation of momentum 

these models. 

photoluminescence in 

conserving phonons, 

intrinsic photoluminescence has been measured in high resistivity 

crystals. During the luniinescence measurements, the sample is 

immersed in liquid helium which has been pumped below the A 

point. The spectral lines observed correspond to radiative 

recombination from the excitonic molecule complex with the emission 

of momentum conserving TO and TA phonons as well as recombina- 

tion from the free agd bound exciton complexes and also with the 

emission of momentum conserving TO phonons. 

Attempts to modulate the photoluminescence through the 

generation of TO momentum conserving phonons at a tunnel diode 

in the luminescent crystal have resulted in a decrease in the 

luminescence associated with the excitonic molecules. This is 

presumably due to the annihilation of the excitonic molecule complex 

through scattering with acoustic phonon generated at the tunnel 

diode. The absence of modulation of the photoluminescence due 

to the momentum conserving phonons indicates that the mean free 

path for such phonons is less than the 100 vm between the active 

area of the tunnel diode and the surface being optically pumped. 

Assuming a group velocity for these phonons of lo4 cm/sec. their 

lifetime would be less than sec, 

Experiments are now under wag to observe enhanced band 

edge absorption caused by the generation of momentum conserving 

phonons as well as high energy acoustic phonons at a tunnel 

diode. In this case the incident light will penetrate the 

sllicon and reach the tunnel junction where the phonons are 

being generated and should make possible the detection of phonons 

'81th shorter lifetime than sec. without requiring a thinner 
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base than presently used. 

In direct-gap semiconductors, the field control of lumines- 

cence is being studied. Silicon nitride has been used as an 

insulating layer on GaAs through which an electric field can be 

applied to the surface of the GaAs to modulate the luminescent 

intensity. The 20 percent modulation of luminescent intensity 

which has been achieved has been explained by the modulation of 

surface recombination velocity of' GaAs by the applied electric 

field. 

10.0 Study of Stannic Ox'ide as a High Temperature Semiconductor 

Personnel: R. H. Rediker; A Linz; C. Fonstad 

Sponsorship: Air Force Office of Scientific Research, Advanced 

Research Projects Agency, National Science Foundation 

Fellowship 

Single crystals of stannic oxide, Sn02, of higher purity 

and with higher Hall mobility than any previously reported have 

Ueen grown from the vapor using the reaction 

SnCl4+2H2+O2$SnO2+4HC1 

at 125OOC and 10 Torr. The stannic chloride is obtained from the 

reaction 

Sn+2C12fSnC 14+A 

which is performed in an external reactor and electrical doping is 

achieved by adding the desired dopant materials to tin charges in 

parallel doping reactors. Undoped crystals of 6 x lo5 ohm-cm 

resistivity at 300°K, and antimony-doped n-type crystals with 

resistivity, carrier concentration, and mobility respectively of 

0.1 ohm-cm, 4 x d7 ~ m - ~ ,  and 160 cm /V-sec at 300°K and of 0.1 ' 

ohm-cm, 6 x ~ m - ~ ,  and 1200 cm /V-sec at 77OK have been grown. 

In addition to the electrical measurements, x-ray and spec- 

2 

2 
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trochemical analyses have been made. Laue x-ray photographs, 

taken mainly for purposes of orienting crystals, show a large 

number of sharp spots indicating good crystal quality. Spectro- 

chemical analysis of crystals indicates less than 10 ppm Si and 

less than 1 ppm of Ca, Cu, and Fe. No other elements were found 

except for the dopants in doped crystals, but the analysis 

technique used cannot detect the presence of chlorine so its 

existence cannot detect the presence of chlorine so its existence 

cannot be discounted. 

Undoped crystals are clear and colorless showing no 

optical distortion in untwinned portions. Antimony-doped 

Crystals are slightly bluish in color; No change in growth habit 

is observed when small concentrations of antimony are introduced, 

and we have successfully grown n-type antimony-doped layers on 

undoped high resistivity crystals. Growth on seeds is being 

investigated. Schottky barrier diodes have been fabricated on 

n-type Sn02 and are presently being studied. 

11.0 Properties of AlxGal-xAs-GaAs Heterojunctions 

Personnel: R. H. Rediker; W. H. Berninger; J. F. Womac 

Sponsorship: Advanced Research Projects Agency, Air Force Office 

of Scientific Research 

Liquid phase epitaxy has been employed to deposit tin doped 

layers of AlxGal-p on to the (111B) face of tin-doped GaAs 

substrates. The layers are 50-100 um in thickness with interfaces 

flat to within 5 1 i.im over 500 pm. In order to study the 

properties of the n-n heterojunction so produced and of the 

deposited layer, photoluminescence has been investigated as a 

function of the distance in the layer from the heterojunction 

and the electrical properties of Schottky barriers on the deposited 
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layer have been investigated. A focussed HeNe laser has been 

used to excite photoluminescence in angle-lapped samples at room 

temperature and at 77OK. The variation in the energy of the 

near bandgap peak as a function of position combined with 

published data relating energy gap and A1 concentration have been 

used to obtain a profile of the alloy composition in the layer. 

This profile has also been obtained from the spectrum of the 

photoresponse of gold Schottky barriers fabricated at various 

depths in the layer by a successive lapping and gold depositions. 

In all samples the A 1  concentration decreases monotonically with 

distance away from the interface. For the growth conditions used, 

the A 1  concentration at the interface has been determined as a 

function of A1 concentration in the solution for ~ ~ 0 . 3 2 .  In 

particular, x-80y where y is the atomic fraction of A1 in the melt. 

The net donor impurity concentration in the deposited layer 

has been determined as a function of distance from the hetero- 

junction from the capacitance-voltaqe characteristics of arrays 

of gold Schottky barriers on angle lapped samples. The carrier 

concentration was found to decrease with increasing distance from 

the junction. Since the AlGaAs is fieposited at lower temperatures 

as the layer grows, the variation in carrier concentration is in 

agreement with published data which indicates a decrease in segre- 

gation coefficient with decreasing temperature. 

The electrical characteristics of the n-n heterojunctions 

are being Investigated as a function of temperature. In particu- 

lar, these characteristics are being correlated with the bandgap 

and the impurity density variations determined from the measure- 

ments described above to determine the percentage of the energy- 

gap discontinuity occurring in the conduction band. Present 

results indicate that for AE>O.SeV and impurity densities less 
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17 than 10  /cc,  the n-n he t e ro junc t ions  r e c t i f y  a t  300°K. As 

e i t h e r  BE i s  reduced o r  t he  impurity dens i ty  increased t o  above 

1 0  /cc, t h e  junc t ions  e x h i b i t  near  l i n e a r  I-V c h a r a c t e r i s t i c s  

a t  300°K as expected. 

g 
18 

12.0 Ion  Implantation 

Personnel: F.  G.  Ruedenauer 

Sponsorship: NASA (MIT Center f o r  Space Research),  Lincoln 

Laboratory 

An MIT ion  i m l a n t a t i o n  f a c i l i t y  has been proposed as a 

j o i n t  program of t h e  So l id  State  Device Research Group, t he  

P a r t i c l e  Optics Laboratory, and t h e  High Voltage Research 

Laboratory. T h i s  f a c i l i t y  would have unique c h a r a c t e r i s t i c s  

which would make p o s s i b l e  important s t u d j e s  i n  t h e  s o l i d  s ta te  

device f i e l d  and i n  the  gene ra l  area of  materials science,  

including su r face  m e t a l l u r g y .  

A Unoplasmatron type gas  discharge has been chosen as t h e  

i o n  source and has been adapted for opera t ion  a t  temperatures up 

t o  1500°K. Consequently, i t  i s  poss ib l e  t o  produce PA beams of 

many metals as w e l l  as of g a s e s .  We have produced w i t h  t h e  

sources t h a t  have been b u i l t  V A  beams o f  argon, helium, hydrogen, 

l ead ,  and gall ium. 

The f irst  model of t h e  high temnerature Unoplasmatron was 

de l ive red  t o  Lincoln Lab f o r  use i n  t h e i r  400 KeV Van de Graaf 

p o s i t i v e  i o n  a c c e l e r a t o r .  

The main f e a t u r e s  of t h e  s t i gma t i c  double focussing mass 

analyzer  s t a g e  which has been'designed are a new high transmission 

s e c t o r  magnet and a s p h e r i c a l  e l e c t r o s t a t i c  condensor r e s u l t i n g  

i n  a compact low weight design. Source and analyzer  w i l l  f i t  

i n t o  t h e  i n s i d e  of  a 22" long s e c t i o n  of t h e  20" diameter high-  
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voltage terminal of the proposed Van de Graff machine and make it a 

convenient and compact source of monoelemental and in most cases 

even monoisotopic high energy heavy ions. 

13.0 

Junctions. 

Personnel: L. L. Chang, J. S. Moore 

Sponsorship: Advanced Research Projects Agency, Air Force Office 

of Scientific Research 

A theory has been developed for the current-voltage and 

conductance-voltage characteristics in metal-insulator-degenerate 

semiconductor tunnel junctions. By taking into account the non- 

parabolic momentum in the insulator, the analysis applies to both 

n and p type semiconductors. It is found that the current may 

either increase monotonically as a function of voltage or may 

exhibit a maximum at a voltage less than the Fermi potential of the 

semiconductor. The conductance always exhibits a minimum at a 

vqltage equal to or less than the Fermi energy and an additional 

pair of extrema may exist. The criteria for the various cases have 

been established in terms of a set of reduced parameters of the 

junction. The effect of nonequal masses in the semiconductor and 

the insulator have also considered and shown to be important in 

determining the different shapes of the characteristics. 
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Research Report 
__il 

1.0 Reaonance Losses i n  Garnets 

Personnel: D. J. Epstein,  L. Tocci 

Valence-exchange lo s ses  have been s tudied  i n  s i l i c o n  doped s ing le  

c r y s t a l s  of yttrium-gallium garne t  i n  an  e f f o r t  t o  determine the func t iona l  

dependence between the  l inewidth f o r  uniform precession and the spontaneous 

magnetization. 

could e x t r a c t  evidence f o r  the  presence of an an iso t ropic  background loss 
of the  type proposed by Callen and P i t e l l i .  However, we  f i n d  t h a t  a more 

cons is ten t  i n t e r p r e t a t i o n  of our da t a  i f  we assume t h a t  t h e  background loss 
is i so t ropic .  

Our objec t ive  o f - t h i s  study w a s  t o  discover whether we 

Clogston assumed i n  h i s  formulation of the  valence-exchange model t h a t  

only the  ground state i s  s i g n i f i c a n t l y  populated. However, i n  the tempera- 

t u re  region i n  which our l inewidth s tud ie s  are being made t h i s  assumption is 

not  va l id .  A cor rec t ion  t o  the  model which takes i n t o  account exc i ted  

state occupancy has been worked out.  The revised model improves the  

agreement be tween theory and experiment. 

2.0 Photomagnetic Ef fec t  i n  S i l i con  Doped Y I G  

Personnel: D. J. Epstein, D. Bullock 

We have designed and assembled a cryogenic f a c i l i t y  which w i l l  enable 

US t o  make linewidth measurements on S i - Y I G ,  a t  low temperature, while the 

sample is il luminated by infra-red. r ad ia t ion  near i t s  absorption edge. 
Previous attempts a t  low temperature l inewidth measurement have been plagued 

by non-reproducible behavior associated with e l ec t rons  which have been 

trapped i n  metastable states. 
metastable e l ec t rons  . 

Il lumination w i l l  enable us t o  r e l ease  these 

Direct evidence f o r  the  r o l e  played by e lec t rons  i n  the  valence-exchange 

mechanism has been obtained by studying the proper t ies  of Schottky b a r r i e r  

diodes fabr ica ted  on Si -YIG.  When such a diode is back biased we c r ea t e  a 



region ( the  deple t ion  layer )  f r e e  of e lec t rons ,  i.e. a region containing 

only Fe3+ ions. 

ions and valence-exchange losses  can occur. Thus, by turning t h e  deple t ion  

l aye r  on and off w e  change the ac t ive  volume i n  which valence-exchange 

occurs. We have seen t h i s  e f f e c t  i n  an experiment i n  which a Schottky 

b a r r i e r  diode (gold on Si-YIG) i s  placed on the end wall of a microwave 

cavi ty  placed i n  a d e s .  magnetic f i e l d .  By s inusoida l ly  varying the  b i a s  

on the diode w e  are ab le  t o  modulate the  cavi ty  losses .  The modulation 

e f f e c t  is observed only a t  magnetic resonance, thereby confirming t h a t  we 

are indeed a l t e r i n g  the volume of the sample tha t  is ac t ive ly  cont r ibu t ing  
t o  the  valence-exchange loss. 

3+ I n  forward b i a s  t h i s  region w i l l  contain both Fe2+ and Fe 

3.0 Conductivity i n  Garnets 

Personnel: D. J. Epstein, Y. S. Lee 

Measurements of the d.c. conductivity,  Seebeck coe f f i c i en t  and Mall 
e f f e c t  have been made on doped s ing le  c r y s t a l s  of yttrium-iron garnet 

(Y3Fe5-GSi601Z, 0 < 6 < 0.12) over t he  temperature range 300 - 55OoK. 
the  fe r r imagnet ic  region (below 550°K) both the  ordinary and extraordinary 

I t a l l  coe f f i c i en t s  have been measured. The Hall mobili ty,  calculated from 

the  ordinary Hall cons tan t ,  i s  about 0.05 cm 

temperature dependence. The conductivity i s  temperature ac t iva ted ,  t he  

a c t i v a t i o n  energy decreasing with fncreasing doping; f o r  0.04 < 6 < 0.1 the 

a c t i v a t i o n  energy f a l l s  from about 0.35 t o  0.3 ev. There is no evidence of 

any d iscont inui ty  i n  conductivity o r  mobility i n  passing through the  f e r r i -  

magnetic - t o  - paramagnetic phase transformation. 

I n  

2 v-' sec-l and has only a weak 

4.0 Thin Film Zagnetic Oxides 

Personnel: R. Xevald, R.C. Folweiler 

Attempts are being made t o  grow s ing le  c r y s t a l  f i lms  of Y I G  by the  

method of chemical vapor deposit ion.  

conf igura t ion  containing th ree  he9ting zones. 

produced i n  one zone, y t t r ium chlor ide  i n  a second and the  two r eac t an t s  

are transported i n t o  a t h i r d  zone where, under appropriate conditions,  they 

react i n  the  presence of oxygen and hydrogen t o  form Y3Fe5012 on a s u i t a b l e  

subs t r a t e .  

have t o  be ca re fu l ly  adjusted.  

We a r e  employing a l i n e a r  furnace 

Iron ch lor ide  vapor is 

To make the  process work, reac t ion  temperatures and flow rates 

A t  the moment w e  are st i l l  i n  the adjustment 
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s t age  and have not  y e t  succeeded i n  producing YIG f i lms .  

5.0 Magnetic and E l a s t i c  Studies  of the  Antiferromagnet Rb>lnF3 

Personnel: F. R. Morgenthaler; W. J. Ince; A .  Pla tzker  

5.1 Coupled Elec t ronic  and Nuclear Xodes 

In  h i s  r ecen t ly  completed doc to ra l  t h e s i s  W. J. Ince has reported an 

inves t iga t ion  of the  coupling between the  ant i ferromagnet ic  and ?Ins5 nuclear  

resonance modes i n  RbMnF3. 

f requencies  have been der ived by so lv ing  the  coupled equat ions of motion f o r ;  

(a)  a four  s u b l a t t i c e  model, cons i s t ing  of two e l e c t r o n i c  and two nuclear  

magnetic s u b l a t t i c e s ;  (b) a two s u b l a t t i c e  model i n  which the  electron-  

nuc lear  i n t e r a c t i o n  i s  represented by a s t a t i c  anisotropy f i e l d .  

been shown t h a t  f o r  the  e l e c t r o n i c  modes the  d i f fe rences  i n  the  frequencies  

obtained from the  two models a r e  genera l ly  small. 

Expressions f o r  the  e l e c t r o n i c  and nuc lear  

It has  

On the  o ther  hand, only the  four  s u b l a t t i c e  theory p red ic t s  the  RIR 

frequencies  t o  good accuracy f o r  appl ied  f i e l d s  both g r e a t e r  and less than 

the  spin-f lop value.  The temperature dependence of the  appropr ia te  c r y s t a l  

parameters f o r  RbXnF were included i n  the  theory, enabl ing a de ta i l ed  3 
comparison between theory and experiment t o  be made i n  the  temperature range 

where the  p a r a l l e l  s u s c e p t i b i l i t y  i s  s ign i f i can t .  

Electron - nuclear  double resonance experiments with RbYnF3 have been 

continued. 

f o r  AFHR. 

be induced was roughly 100 ?EIz. 

686.5 ElHz f o r  the  unpulled hyperf ine frequency. 

frequency i n  these  experimznts was i n  X - band. 

ca r r i ed  ou t  using a monitoring frequency of 23.16  GHz. 

smaller geometry, thereby reducing power requirements and a t tendant  hea t ing  

e f f e c t s .  Xeasurements have been made down t o  a temperature of l.GoK, where 

the  longi tudina l  r e l axa t ion  r a t e  T1 w a s  about 200 msec, compared t o  55.5 

msec a t  4.2'K. 

Nuclear s a t u r a t i o n  w a s  detected a s  a s h i f t  i n  t he  appl ied f i e l d  

The range of pump frequency over which nuclear  s a tu ra t ion  could 

The measurements have yielded a va lue  of 

The AFMR monitoring 

Further  work has been 

This  has permitted 

S ingle  c r y s t a l s  of cobal t  doped RbMnF3 have been prepared i n  the  Crys ta l  

Physics Laboratory by the  Czochralski method. 

from zero t o  about 1500 ppm. The inf luence of the dopant on the c r y s t a l l i n e  

anisotropy cons tan ts  has been s tudied  v i a  magnetic resonance. It was found. 

from AFMR measurements t h a t  the  c r y s t a l l i n e  cubic  anisotropy constant  lil 
v a r i e s  i n  a f a i r l y  l i n e a r  manner with coba l t  concentrat ion.  

Doping concentrat ions ranged 

There appears 
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t o  be l i t t l e  o r  no increase  i n  K2. 

340-ppm cobal t  concentration. 

spec t ra ,  taking i n t o  account the va r i a t ion  of IC 

dopant, generally f i t t e d  the  experimental d a t a  very w e l l .  
t he  s u b l a t t i c e  magnetizations and the  exchange and nuclear hyperfine f i e l d s  

are e s s e n t i a l l y  unaffected by the  presence of cobal t ,  a t  least f o r  the range 

of doping concentrations used. 

are not predicted by the theory but  may be due t o  l o c a l  impurity states. 

The constant K becomes zero a t  about 1 
The computed AFElR and lln55 nuclear mode 

due t o  the presence of the  1 
This implies t h a t  

Some addi t iona l  modes were observed which 

5.2 Phonon and Photon Pumped Spinwaves 

Hr. A. Pla tzker  is nearing the  completion of h i s  doc tora l  research 

involving phonon-and photog-pumped e l ec t ron ic  and nuclear spinwaves i n  

libMnF3. 

The exc i t a t ion  of f i r s t  order sp in  waves i n s t a b i l i t i e s  i n  an an t i f e r ro -  

magnet which may car ry  a nuclear moment has been c r i t i c a l l y  reexamined. 

Nuclear, e l e c t r o n i c  and mixed magnon pa i r s  can be exc i ted  by processes which 

are analogous t o  the  ferromagnetic case. Various geometries of pumping 

f i e l d s  are poss ib le  and t h e i r  co r rec t  c r i t i c a l  values have been derived. 

Contrary t o  the assumption of previous authors,  w e  have shown t h a t  when 

photon pumping f i e l d s  a r e  applied t o  a flopped antiferromagnet,  the uniform 

precession i s  always exc i ted  and i ts  cont r ibu t ion  t o  the  threshold amplitude 

i s  s i g n i f i c a n t  and can never be neglected. This implies t h a t  d i r e c t  magnon 

exc i t a t ion  i n  which the  l i n e a r  suscep t ib i l i t y  i s  negl ig ib ly  small ( p a r a l l e l  

pumping) does not e x i s t  i n  an antiferromagnet when the  weak d ipolar  e f f e c t s  
are ignored. However, when phonon f i e l d s  a r e  applied,  p a r a l l e l  pumping 

processes are allowed' due t o  the  change i n  symmetry of the  e f f e c t i v e  

magnetoelastic pumping f i e l d s .  I n  pa r t i cu la r  when a longi tudina l  wave is  
propagating p a r a l l e l  (or near ly  so) t o  the  d.c. s u b l a t t i c e  magnetizations 

the  e f f e c t  of the  negl ig ib ly  s m a l l  l i nea r  s u s c e p t i b i l i t y  can be ignored and 

the process i s  analogous t o  p a r a l l e l  pumping i n  a €errornagnet. 

6.0 Frequency and Elode Conversion of Velocity Modulated Magnetoelas t i c  
Waves - 

Personnel: F. K. Morgenthaler; H. L. Hu; J. K. Jao  

The frequency of a magnetoelastic wave propagating i n  E ferrimagnet can 

be a l t e r e d  by a s u i t a b l e  t i m e  va r i a t ion  of t he  b i a s  magnetic f i e l d  and the 

charac te r  of the  wave can be converted from magnon-like t o  phonon-like (or 
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v ice  versa) by s u i t a b l e  t i m e  and/or space va r i a t ion  of the  b i a s  f i e l d ;  such 

frequency and/or mode conversion can be u t i l i z e d  i n  fundamental spectroscopy 

as w e l l  as f o r  microwave u l t r a son ic  devices. 

1Je have ca r r i ed  out  the  f i r s t  successfu l  conversion of z-directed s p i n  

waves t o  longi tudina l  e l a s t i c  waves (and v i ce  versa) i n  an a x i a l l y  magnetized 

(z-axis) s i n g l e  c r y s t a l  Y I G  rod. 

frequencies and room temperature - were cont ro l led  by means of temporal and/ 

o r  s p a t i a l  magnetic f i e l d  grad ien ts .  

symmetry a x i s  of the rod was not along a p r inc ipa l  c rys ta l lographic  

d i r ec t ion ;  t he  a x i s  was chosen t o  be i n  a (100) plane a t  an angle 22.5' with 

respect t o  a <loo> d i r ec t ion  i n  order t o  provide nearly maximum spin-longi- 

tud ina l  e l a s t i c  wave coupling. A t  room temperature, t he  c r i t i c a l  

longi tudina l  temporal and s p a t i a l  f i e l d  grad ien ts  f o r  t h i s  geometry are 
ca lcu la ted  t o  be respec t ive ly  ' lo0 oe/usec/GIIz and 150 oe/cm/GHz. 

cont ras t  the corresponding c r i t i c a l  shear grad ien ts  a r e  on the order of 

7,400 Oe/usec/GHz and 19,000 Oe/cm/GIlz. 

The conversions - ca r r i ed  out  a t  L-band 

They were poss ib le  because the  

I n  

7.0 Coupling of Xagnetoelastic and Electromagnetic Waves 

Personnel: E'. R. Xorgenthaler; J. Doane 

Coupling between photons, magnons, and phonons caused by an abrupt d i s -  

cont inui ty  i n  the ma te r i a l  parameters of a magnetselastic ferromagnet has 

been examined. 

waves can, under s u i t a b l e  circumstances, lead t o  d i r e c t  t r ans fe r  of power 

between the  electromagnetic,  exchange and e l a s t i c  channels. 

The simultaneous presence of evanescent and propagating 

J. Doane i s  nearing completion of a doc tora l  t h e s i s  aimed a t  improving 

our understanding of the  mechanisms of coupling between electromagnetic 

energy and magnetoelastic energy i n  delay l i n e s ,  with the  hope of developing 

b e t t e r  e x c i t a t i o n  schemes. During the  p a s t  year a study has been made of 

the coupling processes which occur between long-wavelength "magnetostatic 

waves" and short-wavelength sp in  waves a t  turning poin ts  i n  these delay 

l i n e s .  Motivated by a d e s i r e  t o  reso lve  incons is tenc ies  between ex i s t ing  

experimental da t a  and t h e i r  t h e o r e t i c a l  explanation, t h i s  study has required 

the search of l i t e r a t u r e  i n  plasma physics and ionospheric radio-wave 

propagation f o r  techniques. 

verse  electromagnetic waves and longi tudina l  plasma waves i n  propagation i n  

r ad ia l ly  inhomogeneous plasmas, such as i n  c e r t a i n  plasma heating schemes. 

Ordinary successive approximations methods (such a s  used i n  magnetoelastic 

coupling ana lys i s )  and VKB methods used i n  so lv ing  coupled mode problems 

Similar coupling processes occur between trans- 
* 
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i n  inhomogeneous media are not u se fu l  here  s ince  two re f l ec t ed  waves are 

generated by one inc ident  wave, and a l l  four  quasi-normal modes i n t e r a c t  

s t rongly  a t  the turning point.  Cer ta in  a n a l y t i c a l  r e s u l t s  f o r  s ing le-  

frequency r e f l e c t i o n  and conversion coe f f i c i en t s  including the  e f f e c t  of loss 
have been obtained i n  terms of generalized hypergeometric functions.  Further 

work w i l l  probably include numerical computations f o r  comparison. 

8.0 Magnetostatic Surface Waves 

Personnel: F. R. Morgenthaler 

The c h a r a c t e r i s t i c s  of TE sur face  waves propagating i n  an obliquely 

magnetized uniform f e r r i t e  medium have been examined -- with spec ia l  

emphasis given t o  the  magnetostatic region of the  d ispers ion  r e l a t ion .  It 

appears t h a t  independent cdn t ro l  of the  propagation and decay constants i s  

possible.  I n  addi t ion ,  t he  waves are nonreciprocal i n  the  f i e l d  displace- 

ment sense  allowing novel magnetic con t ro l  t o  be exercised over them. 

p a r t i c u l a r ,  i t  should be poss ib le  t o  vary the  depth of pene t ra t ion  of a wave 

and i n  f a c t  cause i t  t o  switch from one t o  the  o ther  sur face  of a magnetic 

subs t r a t e .  It appears l i k e l y  t h a t  novel couplers,  switches, i s o l a t o r s  and 

c i r cu la to r s  can be constructed with convenient planar geometries. 

I n  
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Research Report 

1.0 Crystal  Growth 
Personnel: A. Smakula; A. Linz; J. Kalnajs; D. Gabbe; E. Farrel l ;  

V. Belruss; R. Mills; A. Vetrovs; C. A. Clark 

1.1 Ferroelectr ic  Crystals 
Top-seeded solution growth of ferroelectric crystals  has continued 

where the crystals  a r e  required. 
for  conductivity studies and (K, Na)Ta03 and K(Nb, Ta)03 for Raman 
scattering and dielectric studies. 
Bi4Ti3OI2, an oxygen octahedra type ferroelectr ic  with a complex layer 
structure, was not successful. 
been found to date. 
abandoned in favor of Czochralski growth in  the high temperature oxide 
furnace where good quality crystals  were  obtained. 
strontium niobate bronzes have been grown for special studies a s  thermal 
and long wavefength optical detectors. Considerable work has a lso been 
done on developing crystals  of a r a r e  earth titanate bronze structure,  but 
all pure titanate mater ia ls  have crystallized in the pyrochlore structure to 
date. 

This has included pure and doped BaTiOQ 

Top-seeded solution growth of 

No way of altering the platey habit has 
Top-seeded solution growth of Gd2(MoO3I4 was 

Crystals of barium 

1 . 2  Germanates 
W o r k  on the growth of r a r e  earth doped crystals  of Ba2MgGe207 by 

top-seeded solution techniques has continued €or laser host studies. 
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Germanate garnets such a s  CaY Zn Ge 0 
a s  host mater ia ls  for  optically pumped lasers .  
and silicate systems are under study. 

have also been grown for study 2 2 3 1 2  
Other complex germanate 

1 .3  High Temperature Oxides 

furnace has  been completed and a large number of crystals  of Gd2(Mo04)3 
have been grown. This relatively low melting mater ia l  (mp 11 65OC) has 
allowed u s  to  perfect growth techniques which a r e  applicable to mater ia ls  
with temperatures in excess of 1500°C while providing the crystals  required 
for  research. Flat based reinforced cylindrical crucibles of platinum have 
been developed for Gdz(Mo04)3 and s imilar  crucibles of iridium for higher 
temperature materials.  A quartz tube sealed at  each end surrounding the 
crucible provides a means of viewing the growing crystal  while the 
atmosphere is controlled by the introduction of an appropriate gas. 
provides u s  with a steep radial  gradient furnace capable of operating over a 
wide range of temperatures and controlling atmospheres. 

Construction of a high temperature R. F. induction heated Czochralski 

This 

Several problems in growing GdZ(Mo04)3 have been overcome. The 
nonstoichiometry of the feeds and consequent Gd excess crystals  was 
corrected by pre-calcining the feed. 
on cooling was prevented by annealing the crystals  in  a wire  wound resistance 
furnace incorporated into the Czochralski system, thus providing in situ 
annealing. 
corrected by surrounding the crucible with a ZrO 
seduced expans ion consider ably. 

Cracking of crystals  which occurred 

Expansion and the consequent distortion of the crucibles was 
ceramic jacket which 2 

Growth of several  crystals  of olivine (Mg2Si04) by flame fusion has  led 
to an understanding of some techniques of silicate chemistry and crystal  
growth. 
wollastonite phase diagram (CaAl2Si2O8, CaSi03, respectively). 
efforts to grow anorthite by the top-seeded solution method from this system 
have been encouraging, as evidenced by anorthite nucleation, but glass  
formation on the seed rod has  hampered crystal  growth. Growth with 
natural anorthite seeds and/or the suppression of the glass  phase by 
substitution of Ge for Si  should lead to successful growth of anorthite. 

Routine growth of crystals  supplied on request is continuing. 

A more  complex system is represented by the anorthite- 
Initial 

A NiO 
single crystal  six inches in length has been grown, and several  spinels doped 
with Crf3  and Ndf3 have been produced, all by the flame fusion technique. 
Other crystals  of the transition metal  oxides have been grown for inventory. 

Several  attempts at  the growth of Bi4Ti3012 by the Czochralski 
technique have not proved satisfactory because of the micaceous nature of 
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elevated temperatures.  

and the reactivity of the Bi melt with the platinum crucibles at 4 3 1 2  

1 . 4  Fluorides 
1 .4 .1  Zone Refining 
A high vacuumlinert gas zone refiner heated by RF  power has  been 

designed. 
oxide impurit ies and extraneous floating mater ia l  which appears on the 
surface of the melt  during crystal  growth will be completely removed. 
These two impurit ies a r e  detrimental to growth of high quality single 
crystals.  

Based on past experience with zone refining, it is expected that 

1-4.2 Crystal  Growth Furnaces 
In cooperation with the Norton Company, one of the laboratory's  crystal  

pullers is being equipped with a vacuum/pressure tight interlock which will 
enable crystals  to be removed from, and seeds to be inserted into, the 
furnace, without having to shut down the furnace. Several advantages will 
be realized. The total time required to produce a crys ta l  will be reduced 
by at  least  a factor of two. 
operations designed to prepare the melt surface for  seeding will be eliminated. 
In addition, the t ime required to  replace a seed after accidental loss w i l l  be 
reduced by a factor of two. 

And time lost  to shutdowns during those 

1.4.3 Potassium Manganese Fluoride 
Crystals of KMnF3 for  neutron scattering experiments a r e  being grown. 

Efforts a r e  being made to  reduce s t ra in  and mosaic spread by growing a 
ser ies  of crystals,  each one nucleated on a seed taken from the most perfect 
portion of the previous boule. 

1 .4 .  4 Rubidium Fluoride 
A single crystal  of RbF was grown. 

1.4. 5 Lithium Yttrium Fluoride 
Many lithium yttrium fluoride crystals  doped with numerous rare earths 

This mater ia l  is extraordinarily 

deliquescent and can be exposed only to a rigorously dry atmosphere. 

singly and in various combinations have been grown for spectroscopic and 
l a se r  studies. Neodymium-doped LiYF has been grown for  l a se r  crystals.  4 

1 .4 .6  LiYF4:Er, Tm, Ho and LiYF4:Er, Yb, Tm, Ho 
Crystals having the above compositions were grown for  study a s  

Er3+ doping was about 50% of the total r a r e  earths. 
1.4.7 Ultra Purification of Materials 
The synthesis of ultra-pure RbMnFQ is being car r ied  out with a view 

potential 2p  l asers .  

toward characterising the relationship between impurities and the magnetic 
properties of RbMnF3. 2 Rubidium chloride with a purity of at  least  10 



SECTION B - ELECTRONIC, MAGNETIC AND OPTICAL PROPERTLES '123 

better than the material which w a s  previously used is now available. 
ion exchange process for  converting the RbCl to Rb C03 - necessary for the 
synthesis of RbMnF3 - is being developed. 
wi l l  be done by zone-refining reagent grade MnC1 

An 

2 
Purification of the manganese 

2-  

1. 5 Growth of Thiospinels 
Crystals of CdIn2S4 were grown by an iodide transport vapor phase 

technique for investigation as C02 laser  window materials. 
with the typical spinel octahedral habit were obtained and were of sufficient 
size for testing. 
precluded their use a s  C02 window materials. 
obtain larger  samples using a Bridgeman technique in sealed quartz crucibles. 

Small crystals 

The relatively high f ree  ca r r i e r  absorption at 10.6 microns 
Attempts a re  in progress to 

2.0 Crystal Research 

2.  1 Ferroelectric Studies 
2 . 1 . 1  Raman Scattering in Mixed Crystal Ferroelectrics (T. G. Davis; 

L. T. Todd) 
This project is concerned with investigations of "soft" phonon modes in 

the ferroelectric mixed crystal  systems (K Na )TaOg and K(TaxNbl-x)03. 
In the (KxNal -x)Ta03 system, all the paraelectric-ferroelectric transitions 

a r e  thermodynamically second-order. In all compositions which undergo 
transitions w e  have observed temperature dependence of the ferroelectric 
mode in the cubic perovskite phase by means of electric-field-induced Raman 
scfttering. 
inducing the transition to a ferroelectric state. 
transition, the "soft" phonon mode has been observed by means of 
conventional Raman spectroscopy. 
observations of well-defined soft modes in the polar phase of a ferroelectric. 

The highest temperature one occurs in the region 50°K - 65'K; 

x 1-x 

At the transition temperature the mode becomes unstable, 
At temperatures below the 

These experiments represent the f i rs t  

Crystals of (KxNal-x)Ta03 for which 0. 5 c x < 0 . 7  undergo two phase 
transitions. 
it is a transition from cubic perovskite to a tetragonal ferroelectric phase. 
An additional transition to a lower symmetry ferroelectric phase occurs in 
the interval 5'K to 30°K. Soft phonons associated with the lower tempera- 
ture transitions have also been observed. 

In the mixed crystal system K(TaxNbl J03, compositions for which 

Well-defined soft phonon 
x 5 0.8  undergo second-order ferroelectric transitions, while those for 
which x < 0. 8 undergo f i rs t -order  transitions. 
modes have been observed only in those crystals which have second-order 
transitions. Firs t -order  transitions appear to  be associated with phonons 
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which are heavily over-damped. 
scattering in crystals  having compositions near the cri t ical  value at which 
the order  of the transition changes. 

Present studies a r e  concerned with Raman 

2.1. 2 Semiconducting Ferroelectrics (D. J. Epstein; T. M. Grove) 
Barium titanate is a ferroelectric mater ia l  which normally has a 

9 resist ivity in excess of 10 ohm cm. However, by reduction in hydrogen or 
by the addition of suitable dopants, it can be made a semiconductor with a 
room temperature resist ivity below 100 ohm cm. In this semiconducting 
state the resist ivity of ceramic barium titanate exhibits an anomalous 
positive temperature coefficient (PTC) effect in the vicinity of the ferro-  
electric-to-paraelectric phase transition. 
has  not been established, but it has been suggested that the governing 
mechanism is a strongly temperature-dependent depletion layer occurring 

a t  grain boundary contacts. 

The precise  origin of this effect 

We have prepared ceramic samples of barium titanate doped with 
tantalum and compared their  conductive properties with those of single 
crystals  made semiconducting by hydrogen reduction. 
was seen in the ceramic samples. 
crystals  were plagued by unexplained aging, drift and hysteretic effects, 
our resu l t s  to date indicate that PTC behavior does not occur in single 
crystals,  therefore lending support to the grain boundary model. 

A large PTC effect 
Although measurements on the single 

A detailed investigation of transport  properties in doped single crystal  
barium titanate has been initiated. Conductivity, Hall constant and Seebeck 
effect will be studied as a function of temperature for various dopants 
(e. g . ,  tantalum, niobium, cerium) over a range of doping concentrations. 

2 .1 .3  Optical Ferroelectr ics  (D. J. Epstein; A. Linz; E. F. Farrell ;  
V. Belruss; A. Vetrovs) 

Bismuth titanate and gadolinium molybdate a r e  ferroelectric crystals  
which, because they exhibit a "latched-state'' birefringence, a r e  potentially 
useful as optical gates and memory cells. 
crystals  of Bi4Ti3OI2 have thus fa r  been unsuccessful. The crystal  tends 
to a micaceous growth habit and we have been unable to a l ter  this tendency 

in any growth procedure we have tried. 
grown both by the top-seeded solution and the Czochralski techniques. 
la t ter  method is t&e better one and using i t  we have grown a number of 
crystals  of good optical quality. 

GdZ(MoO ) w i l l  be undertaken during the forthcoming year.  

Attempts to grow suitable 

Crystals of Gd2(MQ04)3 have been 
The 

Studies of the electrical, electro-optical and acoustic properties of 

4 3  
2.1.4 (A. Linz; R. Schaffzin) 
Use of BaTi03 above i t s  Curie temperature a s  a quadratic electro-optical 



SECTION B - ELECTRONIC, MAGNETIC AND OPTICAL PROPERTIES 125 

deflector was studied. A prototype laser  scanner was constructed using 
pr isms of this material and deflections of several tenths of a degree were 
observed at low frequencies. 
precluded use of the device due to heating. 
deflection using barium titanate crystal  pr isms w e r e  studied, including 
pr ism configuration, angular incidence and temperature and frequency 
dependence. 
and the practicality of the resulting device appeared to be dependent on the 
quality of the crystal, in particular the high temperature conductivity 
properties. 
interfered seriously with the efficiency of the device, although it would 
probably help avoid laser  damage due to high light field intensities. 

At higher audio frequencies large losses 
The theoretical aspects of laser  

Techniques needed for  crystal  preparation were explored 

It was concluded that the high temperature of operation 

2 . 2  Optically Pumped Laser Crystal Research 
2 . 2 . 1  Rare Earth Fluorescence in Barium iVIagnesium Germanate 

Crystal and Glass Hosts (A. Linz; P. C. M. Munasinghe) 
During the period covered by this report, a thesis on barium magnesium 

germanate (Ba2MgGe207) glasses  and crystals doped with Nd3+ w a s  
completed. 

line broadening in the glass indicates that a variety of sites a r e  available. 
Beer 's  law is obeyed for  both hosts. 

but'is not observed in the crystal. 
consistent with the existence of two resonant energy transfer mechanisms 
between Nd3+ ions. Investigation of impurity quenching due to  iron yields - 20 b for  the range of the neodymium-iron interaction, based on a simple 
model. 
crystal  have been determined and various anomalies in the spectroscopic 
and lifetime data a r e  examined. 
interpret the results, especially in te rms  of crystal  field theory in glasses, 
and we also hope to  study other r a r e  earth ions and energy transfer systems 
in both the crystals  and the glasses, especially with reference to  changes 
taking place during the' devitrification of the glasses. 

Nd3+ appears to  occupy the BaZ+ site in the crystal, but inhomogeneous 

Concentration quenching begins at 0. 5 mole % Nd3+ doping in the glass, 
This and other results a r e  shown to be 

The Stark splittings of the main Nd3+ fluorescent levels in the 

Some work is still going on to further 

2 . 2 . 2  Fluorescence of Nd3+ in Complex Germanate Garnets (A. Linz; 
E. K. Chad  

3 i  A study of a new complex garnet crystal, CaY2Zn2Ge301 2:Nd has 
also been completed during this period. A comparison w a s  made between 
this material and neodymium-doped YAG, which showed that there is more 
line broadening in the former, a s  might be expected in a disordered crystal, 
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but that also a great deal more of the fluorescent energy comes out in the 
transition to the ground state at 9400 
the amount in YAG. The tendency of this crystal to pronounced cracking 
after growth is apparently due to a change in stoichiometry, indicated by 
changes in the x-ray lattice constant during growth. Another garnet system, 
Ca Y Ge3OI2, is being studied also, since it is a somewhat simpler system. 
If this germanate analog of the known silicate really exists, it wil l  permit us 
to study the degree of ordering between calcium and yttrium and yttrium and 
germanium sites in a somewhat simpler compound. If the compound orders 
it w i l l  provide an octahedral r a re  earth site with a center of symmetry which 
would be of considerable interest. 

in the complex garnet compared with 

3 2  

2.2.  3 Sensitized Luminescence in Rare Earth Fluorides (A. Linz; 
H. P. Jenssen; J. T. Carlo) 

The investigation of fluoride crystals has been largely concentrated on 
sensitized luminescence. 
the yttrium with many of the other r a re  earth elements, a more complete 
study of sensitized luminescence is possible in this material than in other 
common laser host crystals such as CaF2 and YAG. 
of conversion of near infrared to visible green light utilizing energy transfer 
from ytterbium to erbium were studied. 
holmium with thulium as an intermediate is also under investigation to 
obtain efficient lasers in the 2 micron region. 
such lasers  with semiconductor light emitting diodes is also under 
investigation. 
energy transfer process, a new crystalline material, C s  Y F  with a lower 
energy phonon spectrum compared to LiYF4, is under development. 
material is of interest also since it appears to have a r a r e  earth site with a 
center of symmetry, a relatively uncommon phonomenon among rare  earth 
hosts. 

LiYF4 is also being studied in the infrared quantum counter mode a s  a 

Since LiYF4 wi l l  accept up to 100% substitution of 

Preliminary results 

Transfer from erbium to 

The possibility of pumping 

Since phonon processes appear to play a large role in the 

3 6' 
This 

narrow band imaging detector for  near infrared laser radiation. 

2.3 Dielectric Investigation of Semiconductors (A. Smakula; A. Szorc) 

frequencies, below 10 
been discovered in various semiconductors (Ge, Si, GaAs, CdS) and 

reported previously, has been investigated in more detail on p-type Si . 
doped with B, n-type Si doped with P and compensated Si doped with B and 
P simultaneously. 

The discont4nuous variation of dielectric properties (K' and K") at low 
Hz, and low temperatures, below 3OoK, which has 7 

It w a s  found that the discontinuity of K '  takes place at different 
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temperatures for p-type and n-type Si, and it also depends on frequency. 
The temperature range of strong Io change lies between 16 and 2S°K for 
Si:B, between 21 and 3I0K for Si:P, and between 22 and 44'K for Si:B+P, 
all for 10 Hz. 
value at the inflection point of KI. The temperatures of K" maximum are: 
2 1 . 5 ,  25.3, and 33.5OK for the same sequence as for K'.  

8 

assume that we deal here with thermal ionization of donor and acceptor 
levels. 
above that of p-type and a-type indicates an interaction of acceptors and 
donors. Other p-type and n-type Si crystals are .i*idor study. 

3 a 
Simultaneously with K' the K" changes and reachesAmaxirnum 

Since no 
es have been discovered at frequencies above 10 Hz, we have to 

A strong shift of K" maximum of compensated Si to temperatdres 

2. 4 Crystals for C o g  Laser Windows (A. Smakula; J. Kalnajs) 

thermal conductivity and-low absorption at 10. 6 p .  
property is the low absorption in the infrared spectral region. 
absorption can be caused by the tail of eigenabsorption band, overtone or 
combination bands, impurities, defects, surface imperfections, surface 
contaminations and free charge carriers.  

A good window material for CO lasers  should have high hardness, high 2 
The most important 

The 

Three types of crystals have been studied: thiospinels, 111- V 
semiconducting compounds, and alkali halides. 
crystals were grown by chemical transport reaction under various conditions 
but all showed the high absorption (25% per cm) at 10 .6  p ,  probably caused 
by the close proximity of the absorption edge (14 p ) .  

Pure stoichiometric GaSb should have an infrared absorption edge 
around 18 P ,  but our material showed free charge carr ier  absorption at 
wavelengths shorter than 10 .6  p ,  
carriers,  but may introduce absorption from the dopant ions. 

Of the first group, CdIn2S4 

Doping may reduce the free charge 

The most extensive study was made on alkali halides. The alkali 
fluorides (KF, RbF and C s F )  a r e  too deliquescent and their absorption tail 
is too close to 10.6~. Of the chlorides (NaC1, KC1 and RbCl), RbCl is the 
best. 
materials). The bromides (KBr and RbBr) a re  less  useful because of their 
solubility and softness. 
close to RbC1) but the solubility is very high and the hardness low. 
spectral position of the infrared absorption edge, purity, and surface 
contamination a re  decisive factors for optical properties. 
of the best crystals, we have, however, to compromise between the optical 
and mechanical properties. 

Its absorption at 10.6 p is 0.09370 per em (the lowest of all known 

The absorption of CsI is 0.13% per cm (quite 
The 

For selection 
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Research Report 

This  l a b o r a t o r y  w a s  set up t o  s tudy  low energy charged p a r t i c l e  o p t i c s ,  

n e u t r a l  and charged p a r t i c l e  beams, and r e l a t e d  s u b j e c t s .  Areas of  i n t e r e s t  

inc lude  mass spectrometry,  scanning e l e c t r o n  microscopy, s u r f a c e  e f fec ts '  and 

h igh  b r i g h t n e s s  sources  o f  bo th  e l e c t r o n s  and i o n s .  
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1.0 Su_rfaces.-Solids Mass Spectrometer F a c i l i t y  

Personnel :  C.K. Crawford; F.G. Ruedenauer 

Sponsorship: S loan  Basic Research Fund 27568 

The design and c o n s t r u c t i o n  of a new m a s s  spectrometer  f o r  use  both  i n  

s tudying  s u r f a c e s  and i n  the bulk  a n a l y s i s  of s o l i d s  has been undertaken. 

The b a s i c  design f o r  use  i n  s u r f a c e  s t u d i e s  (measurements of concent ra t ion  

g r a d i e n t s ,  cor ros ion  l a y e r s ,  semiconductor j u n c t i o n s ,  and t h i n  f i lms)  w i l l  b e  

a s p u t t e r  i o n  source  mass spectrometer  equipped w i t h  a scanning microfocus 

primary s p o t  and primary m a s s  a n a l y s i s .  

a double focusing mass spectrometer  equipped with a feedback s t a b i l i z e d  

magnetic f i e l d  and an e l e c t r o n  m u l t i p l i e r  i o n  d e t e c t i o n  system. 

The secondary i o n  analyzer  w i l l  b e  

The  ins t rument  is being designed t o  a l low t h e  modular replacement of t h e  

i o n  source  and o t h e r  major components, and t o  permit  t h e  modular a d d i t i o n  of 

o t h e r  experiments t o  be  conducted s imultaneously wi th  t h e  i o n  microprobe 

a n a l y s i s .  The instrument  is  designed t o  o p e r a t e  completely i n  u l t ra -h igh  

vacuum. Much of  t h e  instrument  w i l l  b e  cons t ruc ted  from commercially a v a i l -  

a b l e  components. 

A major d e p a r t u r e  from previous microprobe design w i l l  be t h e  e l e c t r o n  

scanning microscope incorpora ted  i n t o  t h e  specimen chamber. 

which w i l l  use a f i e l d  emission e l e c t r o n  source,  w i l l  permit  high r e s o l u t i o n  

observa t ion  of  t h e  s u r f a c e  topology whi le  s p u t t e r i n g  a n a l y s i s  is tak ing  place.  

I n  a d d i t i o n ,  i t  is  hoped t h a t  it w i l l  b e  p o s s i b l e  t o  use t h e  high i n t e n s i t y  

scanning e l e c t r o n  beam t o  genera te  ions  f o r  t h e  m a s s  spectrometer .  This  

could occur  e i t h e r  through impact i o n i z a t i o n  desorp t ion ,  o r  through any beam- 

s p u t t e r e d  material i n t e r a c t i o n  which changes t h e  i o n  s p u t t e r i n g  y i e l d .  

This microscope, 

Other  a n a l y s i s  techniques which might be b u i l t  i n t o  t h e  instrument  

could inc lude  Auger e l e c t r o n  a n a l y s i s ,  proton s c a t t e r i n g ,  LEED, o r  f i e l d  i o n  

microscopy. 

2.0 Elec t ron  I o n i z a t i o n  Cross Sec t ions  

Personnel: C.K.' Crawford; K.L. Wang 

Sponsorship: A i r  Force Materials Laboratory 

The electron-impact  i o n i z a t i o n  c ross -sec t ion  program using a l a r g e  

quadrupole mass spectrometer  i s  cont inuing.  New measurements have been made 
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on t h e  i o n i z a t i o n  c ross -sec t ions  f o r  monatomic and p o l y a t m i c  carbon. Previ- 

ous ly  repor ted  d i f f i c u l t i e s  i n  obta in ing  s t a b l e  carbon beams of reasonable  

i n t e n s i t y  have now been l a r g e l y  overcome. 

soon. 

The measurements w i l l  be  publ ished 

The equipment improvement campaign necessary t o  prepare  f o r  t h e s e  

measurements is cont inuing.  Beam s t a b i l i z i n g  feedback c o n t r o l l e r s  have been 

added, as h a s  been a new higher  g a i n  e l e c t r o n  m u l t i p l i e r  assembly. 

uing problem is  t h a t  power l i m i t a t i o n s  f o r  t h e  bombardment-heated Knudsen 

cell ,  p r e s e n t l y  r e s u l t  i n  a r e s t r i c t i o n  on carbon source  s i z e .  This  restric- 

t i o n  r e s u l t s  i n  low source  charges and undesirably s h o r t  opera t ing  times. 

A l a r g e r  power supply i s  being obtained.  

A cont in-  

A s  a n  a d d i t i o n a l  means of c a l i b r a t i n g  n e u t r a l  beam i n t e n s i t y ,  a quartz-  

c r y s t a l  t h i n - f i l m  thickness-monitor  was i n s t a l l e d  t o  b e  in te rchangeable  wi th  

the normal atomic beam (weight-gain) t r a p .  The q u a r t z  gauge provides  a 

d i r e c t  readout  of t h e  mass g a i n  due t o  condensed vapor i n  real t i m e .  

Another new c r o s s  s e c t i o n  measuring technique,  the exponent ia l  d e p l e t i o n  

method, has  been developed i n  theory .  The method is similar t o  t h e  m u l t i p l e  

c r o s s  beam technique previous ly  descr ibed ,  i n  t h a t  a n e u t r a l  beam is d i r e c t e d  

through i n t e r s e c t i o n s  w i t h  two s e p a r a t e  e l e c t r o n  beams. 

p l e t i o n  method, however, can determine a b s o l u t e  c r o s s  s e c t i o n s  without  ever  

measuring t h e  a c t u a l  v a l u e  of any i o n  c u r r e n t .  This  i s  advantageous since 

m a s s  spectrometers  with u n i t y  i o n  t ransmission appear  t o  be  unachievable. 

The technique i s  similar t o  t h a t  sometimes used t o  measure o p t i c a l  absorpt ion.  

The exponent ia l  de- 

e 

3 . 0  I o n  Sources f o r  Implanta t ion  and Surface React ions 

Personnel :  F.G. Ruedenauer; C . K .  Crawford 

Sponsorship: NASA E l e c t r o n i c s  Research Center ,  Lincoln Laboratory 

A p r o j e c t  des igning  i o n  sources  f o r  u s e  both  i n  i o n  implanta t ion  and i n  

t h e  s tudy  of bombardment-induced s u r f a c e  chemical r e a c t i o n s  has  been complet- 

ed. Both gas  and metal vapor sources  were cons t ruc ted  t o  provide microampere 

c u r r e n t s  a t  high b r i g h t n e s s ,  good charge e f f i c i e n c y ,  and low power consump- 

t ion .  The sources  are of the  Unoplasmatron type ,  and are very small i n  s i z e  

(one inch i n  diameter  inc luding  a l l  h e a t  s h i e l d i n g ) .  

Argon, Lead, and G a l l i u m ,  b r igh tnesses  of b e t t e r  than 0.1Alcm sr a t  2kv were 

r e l i a b l y  obtained.  

of 1400'K) i s  a l i t t l e  over 100 watts. 

Using ions  such as 
2 

T o t a l  input  power f o r  G a l l i u m  (opera t ing  a t  a temperature  

Severa l  experiments were undertaken t o  s tudy t h e  e f f e c t  of i o n s  i n  
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exposing photores i s t s .  These experiments a r e  continuing. 

4 .0  Elec t ron  Ion Beam Testing of Microcircuitry 

Personnel: C.K. Crawford; P.E. Kudirka 

Sponsorship: Unfunded 

It has been determined t h a t  small e lec t ron  beams, about one micron i n  

The beams would diameter, could be used t o  t e s t  e l ec t ron ic  microc i rcu i t s .  

be  focused e i t h e r  onto s m a l l  contact pads b u i l t  onto the c i r c u i t s ,  o r  

d i r e c t l y  onto the  t h i n  f i lm wiring. A study of ava i l ab le  e l ec t ron  sources 

and lens-aberration constants shows t h a t  cur ren ts  of about one’microampere 

could be obtained i n  a one micron beam with a t en  k i lovo l t  beam energy. 

beams would cause neg l ig ib l e  heating i n  a t a rge t  which had the  thermal con- 

duc t iv i ty  of s i l i c o n ,  and excessive e lec t ron  penet ra t ion  should not be a 

problem. 

The 

Space charge would be negl ig ib le .  

The problem of reading voltages out of a microc i rcu i t ,  necessary both 
€or in j ec t ing  vol tage  s igna l s  i n t o  a c i r c u i t  (as  distinguished from cur ren t  

s igna l s )  and €or obtaining s i g n a l  readout, could be solved i n  a t  least two 

ways. 

ment could be  used t o  measure sur face  po ten t i a l s  with an accuracy of consid- 

e rab ly  b e t t e r  than one v o l t ;  work t o  design such a de tec to r  i s  i n  progress.  

02, an  e l ec t ron  mirror microscope could be used t o  measure po ten t i a l s ;  t h i s  

method, however, appears much more complex. 

use a t h i n  f i lm e l ec t ron  emitter b u i l t  i n t o  t h e  c i r c u i t ;  a t  present t h i s  

technique seems t o t a l l y  impractical .  

The secondary e lec t ron  spec t ra  r e su l t i ng  from the  microbeam bombard- 

A t h i r d  p o s s i b i l i t y  would be t o  

To test a real microc i rcu i t  requi res  measurement of many po ten t i a l s  

and i n j e c t i o n  of many s igna l s  simultaneously, 

t o  use a mat r ix  e l ec t ron  gun de l iver ing  many separa te ly  cont ro l led  e l ec t ron  

beans, along with one secondary e lec t ron  de tec tor .  Secondary e lec t rons  due 

t o  t h e  var ious  beams would be  iden t i f i ed  by a low-amplitude high-frequency 

c h a r a c t e r i s t i c  modulation on each beam, which would be  ignored by the  d i g i t a l  

microc i rcu i t  under test. 

The bes t  method appears t o  be 
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Research Report 

Much of the research in the physics of solids group is 
concerned with the more complex forms of condensed matter. For 
example, electron transport properties are being studied in 
alloy systems and in intermetallic compounds as opposed to the 
simple pure materials. The structure and physical properties 
of liquids, amorphous materials, and alloys are being investi- 
gated in contrast to similar work on high purity single 
crystals. The general areas of research interest are: the 
scattering of electrons, neutrons and X-rays from solids and 
liquids, the electronic structure of metals, alloys and 
molecules; order-disorder phenomena; ultrasonic properties of 
solids; magnetism in alloys; band calculations in alloys and 
compounds; and photoconductivity in amorphous materials. 
Research programs in these areas’ are described in the following 
sections. 

1.0 Spin Correlations in Magnetic Materials 

Personnel: B. L. Averbach; K. R. Morash, M. D. Rechtin, 
R. S. Shemenski 

Sponsorship: National Science Foundation 

The arrangement of spins in ferromagnetic and anti- 
ferromagnetic materials is being investigated by means of 
magnetic neutron scattering measurements. Single crystals of 
the anti-ferromagnetic series MnO, NiO, and COO, are being 
measured at temperatures just above and below the Nee1 tempera- 
ture. Correlations have been observed above the critical at 
distances well beyond the 20th nearest neighbor, and the 
development of long range anti-ferromagnetic order has been 
followed as the temperature is lowered through the critical. 
Twin and spin domains have also been observed in these 
materials, and it has been shown that the domain population is 
greatly affected by the application of pressure. These data 
are being used to evaluate magnetic interaction energies and to 
provide a basis for theories o f  magnetic critical phenomena. 



138 

2.0 Elastic Constant Studies of Beryllium 

Personnel: B. L. Averbach; D. J. Silversmith 
Sponsorship: Wright Air Development Center 

The elastic constants of beryllium and of alloys 
containing 1.1 and 2.4 wt pct copper (0.16 and 0.35 at pct) 
have been measured by a pulse-echo-overlap method. These 
stiffness coefficients in units of loL2 dynes/cm2 are 

crystal 5 1  c33 c44 2 ‘13 

Be 2.932 3.561 1.706 0.236 0.00 
Be-1.1 Cu 2.948 3.597 I. 702 0.278 - 
Be-2.4 Cu 2.931 3.552 1.731 0.301 0.03 

The effect of hydrostatic pressures up to 6 kilobar is 
indicated by the pressure derivatives given below: 

crystal 

Be 6.87 8.98 2.55 2.72 3.3 
Be-1.1 Cu 7.13 7.79 2.62 2.86 - 
Be-2.4 Cu 12.01 13.42 2.58 7.73 -2.8 

The coefficient C13 = 0 is unusual for a metal; this 
value indicates that there is no coupling between a tensile 
stress along the c-axis and a resolved stress in the basal plane. 
This anisotropy in the bonding mechanisms for the two principal 
directions has been correlated with the band structure and may 
account for the relatively easy cleavage of beryllium along the 
basal plane. 

scattering, Fermi surfaces, and band calculations reported in 
sections which follow, are being used to reconsider the bonding 
mechanisms in beryllium. Unusual anisotropies have been 
observed in each of these measurements, and it appears that 
there may be considerable covalent character to the bonding 
along the c-axis. 

These studies, along with the associated work on Compton 
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3.0 Atomic Arrangements in Selenium 

Personnel: Roy Haplow, B. L. Averbach; Alan Renninger 
Sponsorship: Xerox Corporation 

A study is being made of the structure of vitreous and 
crystalline selenium and of selenium-arsenic alloys. X-ray 
diffraction data are being used to obtain radial distribution 
functions, and the radial distribution functions are then inter- 
preted by means of computer models. The computer method uses a 
Monte Carlo procedure to move atoms from an initial array until 
a satisfactory fit is obtained to the radial distribution func- 
tion. This approach is being used in amorphous alloys in the 
vicinity of AsZGej and As4Se4. 
being compared with the corresponding crystalline material. 

The amorphous structures are 

4.0 Photoconductivity Measurements in Amorphous Materials 

Personnel: B. L. Averbach; Mitchell Kuninsky 
Sponsorship: Advanced Research Projects Agency 

Measurements are being made of the photoconductivity in 
selenium and selenium-arsenic thin films. Nanosecond light 
pulses are being used in order to avoid space-charge defects. 
The mobility of the electron and holes is being investigated as 
a function of temperature and alloy composition. 

5 . 0  The Structure of Liquids 

Personnel: Roy Raplow, B. L. Averbach; Sang C. Lee 
Sponsorship: National Science Foundation 

Atomic pair distributions are being measured in solutions 
of HC1 in H20, with the primary intention of obtaining informa- 
tion regarding the'role played by the excess protons in inter- 
molecular 0-0 bonding. Results obtained so far indicate that an 
extreme perturbation of the water structure is caused by the 
HC1, including the establishment of shorter correlation 
distances. 
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6 .O Compton Scattering 

Personnel : Roy Kaplow; Roland Currat 
Sponsorship: Wright Air Development Center 

A high resolution, Soller slit geometry, automated X-ray 
spectrometer was used to measure the Compton line profiles of 
oriented beryllium single crystals. These energy distributions 
of inelastically scattered photons were analyzed in terms of 
the electron momentum distribution in the beryllium. 

Anisotropies exist in the low electron momenta region, 
and are attributed to the conduction electrons. An enhance- 
ment of the charge and momentum distributions in the basal 
plane is indicated and geometrically consistent with the 
anomalous c/a ratio. Within the basal plane enhancement is 
indicated along near-neighbor directions. The experimental 
"Fermi momentum" is also angularly dependent. 

Bloch, to the available Hartree-Fock calculations for the core 
electron distribution accounts for the experimental assymetry 
in the high momentum tails of the profile. However, the total 
profiles cannot be accounted for in detail in terms of 
existing calculations. 

Application of an atomic scattering model, proposed by 

7.0 Mgssbauer Effect in Iron Alloys 

Personnel: Roy Kaplow; W. K. Choo (in cooperation with 
Professor Morris Cohen) 

Sponsorship: Office of Naval Research 

This research concerns the measurement of Mgssbauer 
spectra in alloys of iron with interstitial type elements, 
particularly carbon, and with some substitutional atoms. 
Specimens are being produced by splat-quenching, which allows 
the formation of unusual phases. Also o f  interest is the 
inhibition of diffusion controlled rearrangements which may 
occur, in ordinary quenching, during the formation and cooling 
of well known phases. 
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0 .0  On-Line Systems for Numerical Analysis 

Personnel: Roy Kaplow; J. Brackett; Terence Colligan 
Sponsorship: Project MAC, and Advanced Research Projects 

Agency 

Virtually all on-line systems for numerical analysis 
allow the user to form secondary level operators in terms of a 
group of built-in primary operations. Such secondaries are 
expedient, but also tend to be inefficient compared to a 
compiled primary of identical purpose. On the other hand, the 
user, who might otherwise write a primary operator, is rarely 
prepared to implement those individual analyzing programs which 
trap and comment on errors in usage, and which ordinarily 
accompany the built-in primaries in a useful system. 

It is desireable therefore, both for the casual user and 
for the initial building-up of a system, that these functions 
be centralized within the system, essentially as part of the 
input-language processor. One also requires a simple mechanism 
for specification of error tables for each new primary: 
preferably, this would be part of an interactive add-an- 
operator operator. 

Such a processor has been designed and partially 
implemented. 

9.0 The Structure of Si0 

Personnel: Roy Kaplow; John Yasaitis 
Sponsorship: Advanced Research Projects Agency 

X-ray diffraction techniques, which have been applied 
previously to the measurement of structures of amorphous 
selenium and B203, are being used to investigate the structure 
of SiO. Samples of the material have been supplied by the Los 
Alamos Research Laboratory. 

10.0 Teacher-Interactive Computer System 

Personnel: Roy Kaplow; John Linderman 
Sponsorship: National Science Foundation 
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An on-line computer sub-system has been designed, and is 
being implemented, with the purpose of providing an effective 
mechanism for teachers to develop computerized tutorial 
programs. 

11.0 Alloy Photo-Emission and Surface Effects 

Personnel: Roy Kaplow; William Ewing 
Sponsorship: Advanced Research Projects Agency 

Appropriate high-vacuum apparatus has been designed and 
is being assembled (with spectroscopy equipment), for the 
purpose of measuring the intensity and energy distribution of 
electrons emitted in response to ultra-violet excitation. 
Alloy surfaces will be examined in various controlled conditions 
in order to study the distribution of electron states in the 
alloys, the process of photon absorption and electron transi- 
tion, and the nature and effects of surface contaminants. 

12.0 Quantum Oscillatory Phenomena in Dilute Beryllium-Copper 
Alloys 

Personnel: D. J. Sellmyer, B. L. Averbach; I. S. Goldstein 
Sponsorship: Advanced Research Projects Agency and Wright 

Air Development Center 

The de Haas-van Alphen effect has been investigated in 
pure beryllium and in Be-Cu alloys containing up to 0 . 3 4  at. 
pct. Cu. The extremal cross-sectional areas of the cigar- 
shaped second double-zone electron pieces were observed to 
decrease with alloying. On the other hand, the areas of the 
coronet-shaped first double-zone hole piece increased with 
alloying. In the more dilute alloys this can be satisfactorily 
explained by the rigid band theory. However, for the highest 
concentration alloy, all of the extremal cross-sections showed 
a significant deviation from rigid band behavior. A large 
part of this deviation is caused by the increase in c/a ratio 
with alloying. The remaining relative deviation was found to 
be correctly predicted by a non-rigid band model using an 
effective screening length. 
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An amplitude analysis of the de Haas-van Alphen results 
showed that there is a significant anisotropy in the scattering 
temperature as a function of alloying. This implies that 
electrons travelling parallel to the basal plane are scattered 
more strongly by the copper atoms than those travelling perpen- 
dicular to the basal plane. Within experimental error, the 
cyclotron mass was found to be independent of alloying. 

Magnetic breakdown has been investigated in pure 
beryllium in fields up to 150 kG. High-field magnetoresistance 
measurements of open orbits in the basal plane showed that at 
150 kG, the height along [OOOl] of the breakdown region of the 
cigar is approximately 12% (0.10 a.u.) of the length of the 
cigar. It was possible to fit the field dependence of the 
Shubnikov-de Haas effect with a correction factor for breakdown 
which included a characteristic breakdown field (Bo) of 100 kGl 
although the fit is not very sensitive to the exact value of Bo. 

13.0 Fermi Surfaces in Alloys 

Personnel: D. J. Sellmyer (in cooperation with Dr. J. Ahn, 
IBM) 

Sponsorship: Advanced Research Projects Agency 

Fermi surface experiments such as the de Haas-van Alphen 
effect, high-field magnetoresistance, and Hall effect are 
being performed in several highly ordered metallic compounds 
and also in dilute solid solutions. The object of the work is 
to study the quantum chemistry of the ordered alloys through 
their band structures and to investigate the influence of 
alloying on the E(k) relation in the dilute alloys. The 
experiments are performed in fields up to 150 kOe at the 
Francis Bitter National Magnet Laboratory or in our own 100 
koe superconducting solenoid. Recent resultsI as yet 
unpublished,have been obtained on the compound AuSb2, and on 
dilute PbIn alloys. Further studies on new alloy systems, 
with emphasis on transition-metal alloys, are planned. 

14.0 Transport Properties of a Memory-Type Chalcogenide Glass 

Personnel: D. J. Sellmyer (in cooperation with Professors 
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D. Adler and S. D. Senturia); J. M. Franz 
Sponsorship: Advanced Research Projects Agency 

Transport measurements have been performed on the 
conducting state of a memory-type chalcogenide glass, of 
composition TeglGe15As4. 
300°K indicate no carrier freeze-out down to 4.2OK. 
p(300°K)/p(4.20K) was found to be 2.5. 
measurements at 300°K showed only an 18% increase in a ( w )  up to 
150 kHz. Hall effect experiments at 100 Hz showed no dependence 
of carrier concentration on temperature between 77 and 300°K, 
and indicate a room temperature mobility of 85 cm /V-sec, The 
charge carriers are holes. The magnetoresistance, measured at 
1.6OK up to 140 kOe, was positive with saturation beginning to 
set in above about 80 kOe. The results of these studies, taken 
in conjunction with X-ray and NMR data, suggest that the 
conducting state of these glasses is obtained from a spinodal 
decomposition or phase separation above 23OoC into alternating 
regions of primarily crystalline GeTe and primarily crystalline 
As-doped Te. These regions are both degenerate p-type material. 

D.C. resistivity measurements below 

A.C. conductivity 

2 

15.0 Electron Scattering from Localized Moments in Metals 

Personnel: D. J. Sellmyer; J. Zagarins 
Sponsorship: National Aeronautics and Space Administration- 

Electronics Research Center 

An experimental investigation of the thermoelectric power 
and resistivity of dilute magnetic alloys is in progress. A 
Kondo effect has been observed in a dilute Ag(Fe) alloy with 
Tk = 1OoX. 
compensated state as the properties of the host matrix are 
varied. This will be done by changing the density of states 
at the Fermi level, N(O), through alloying Ag with Pd. While 
the theory of the s-d interaction is not well understood in 
transition metal hosts, one might expect Tk to vary dramatically 
upon changing N ( 0 )  by alloying. Thus, since N(0) is known in ' 

the alloys it should be possible to obtain information on the 
effective exchange parameter as well as spin-compensation in 
two-band hosts. 

We intend to study the behavior of the spin- 
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16.0 Localized Moments in Intermetallic Compounds 

Personnel: D. J. Sellmyer; G. R. Caskey, J. M. Franz 
Sponsorship: Advanced Research Projects Agency 

The nature of the magnetic impurity states is being 
investigated in the transition metal-aluminum intermetallics 
M A1 where M = Fe, Co, or Ni. These compounds have the CsCl 
structure at exact stoichiometry and the impurity states are 
associated with excess M atoms on A1 sites in the lattice. 
Local moment formation in this series of alloys is interesting 
because the Fermi surface is expected to drop from a position 
just above - to a position within - the d bands on going 
through the series NiA1, CoA1, FeA1. Electrical resistivity, 
thermopower , and magnetoresistance measurements have already 
been performed between 1.2 and 30OoK. 
all the alloys but a Kondo effect appeared only in the CoAl 
case. At present, low temperature susceptibility measurements 
are being made to obtain a consistent picture of the s-d inter- 
action and spin-compensation in these alloys. 

Local moments exist in 

17.0 Diffuse Scattering and Fermiology in Alloys 

Personnel: S .  C .  Moss 
Sponsorship: John Simon Guggenheim Memorial Foundation 

We have shown how the Fermi surface of a disordered 
alloy will be reflected in the local-order diffuse scattering 
of X-rays, etc., through anomalies similar to those predicted 
by Kohn for phonon scattering. These ideas have been applied 
to the existing data on the splitting of the diffuse spots 
from Cu-Au alloys above Tc and, more tentatively, to the <1117 
scattering profile from BCuZn. The results indicate that dis- 
ordered Cu3Au has a Fermi surface very much like copper's 
while disordered CuAu3 resembles gold. The copper-gold alloys 
provide an extremely sensitive test because both Cu and Au are 
one-electron metals and their Fermi surfaces differ by only a 
few percent in the critical dimensions. 

18.0 Short Range Order in Copper-Aluminum Alloys 
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Personnel: S. C .  Moss (in cooperation with Professor M. Bever 
and Dr. R. 0 .  Scattergood) 

Sponsorship: Atomic Energy Commission 

The diffuse scattering of X-rays has been measured in 
three single crystal alloys containing 6, 11 and 16 at. pct. 
aluminum. Our results reveal a pronounced diffuse satellite 
intensity in the 11 and 16 pct. crystals which appear in a 
four-fold symmetrical fashion about the usual f.c.c. super- 
lattice positions. From the composition dependence of the 
satellite peak positions - using both our results and those of 
other workers - we were able to show that these peaks have their 
origin in the Rohn-type anomalies invoked earlier by S. C. Moss 
in explanation of similar results in copper-gold alloys. The 
shifting of the peaks with composition provides a very sensitive 
determination of the'variation in kF <110> (the value of the 
Fermi wave vector in the <110> direction) with alloying. Our 
interpretation is borne out both by a simple free-electron 
scaling of the copper Fermi surface and by a recent positron 
annihilation study of the Cu-A1 alloys. 

19.0 The Structure of Amorphous Silicon 

Personnel: S. C. Moss: J. F. Graczyk 
Sponsorship: Advanced Research Projects Agency 

The atomic arrangements and mode of crystallization in 
vapor-deposited films of amorphous silicon have been investi- 
gated using elastic electron diffraction. We have studied the 
thickness and temperature dependence of the diffuse diffraction 
pattern and have taken selected Fourier transforms of our 
intensity profiles in order to determine the radial density 
function (RDF). In addition we have investigated micro- 
crystallite models and have performed selected low angle 
electron scattering experiments. The results can be briefly 
summarized. 

1. Amorphous Si has a very well-defined tetrahedral 
cluster of nearest neighbors at exactly the crystalline nearest 
neighbor distance of 2.35 8. 

2. The second neighbor peak in the RDF while it occurs 
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at nearly the crystalline distance, is much broader than the 
first and is rather asymmetric. This tells us about the varia- 
tion in tetrahedral bond angles and about the disposition of 
tetrahedra with respect to each other. 

3. The density is close to the crystalline density if 
one excludes the grown-in voids or pores. If these are 
included, as they invariably are in bulk density measurements, 
the density defficiency can exceed 15%. 

4. Multiple scattering of electrons has the effect not 
only of adding a background intensity but of appreciably damping 
out the oscillations in the intensity patterns from thicker 
films. 

5. A s  the films are heated up, the pores or voids begin 
to anneal out - as seen in the low angle scattering - and 
finally the amorphous Si -crystallizes in an obviously hetero- 
geneous way. As crystallization proceeds the first diffuse 
peak shifts up to and becomes the (111) diamond cubic peak and 
the (220)-(311) pair grows out of the second peak. 

6. Amorphous Si, as confirmed by a variety of tests, is 
not just a finely dispersed aggregate of microcrystals of the 
diamond cubic structure. 

20.0 Temperature Dependence of Electron Diffraction Intensities 

Personnel: J. F. Graczyk 
Sponsorship: Advanced Research Projects Agency 

Using our scanning diffraction instrument, the elastic 
diffraction pattern from polycrystalline aluminum foils was 
measured at 3OO0X and 77OK over a range of thicknesses from 
700 8 to 2500 8. The results verified the strongly dynamic 
nature of the scattering and demonstrated the logarthymic 
thickness dependence of intensity ratios at the two tempera- 
tures. Essentially the study showed how dynamic diffraction 
produces a temperature dependent absorption coefficient for 
electrons. The results yielded excellent agreement with predic- 
tions based on the two-beam approximation of Boersch, Jeschke 
and Raith but only in a range of thickness where the theory is 
presumably invalid. The experiments thus await a better 
theory. 
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21.0 Ultrasonic Studies of Interstitial Phases 

Personnel: S. C. Moss (in cooperation with Professor R. M. 

Sponsorship: U. S .  Steel Corporation and the National Science 
Rose and Dr. K. A .  Jones) 

Foundation 

Ultrasonic velocity and attenuation data were collected 
on a Nb single crystal with and without a small amount of 
dissolved interstitial oxygen. The measurements were made as 
a function of temperature from 4OK to 300°K and revealed no 
order-disorder reaction in the oxygenated crystal. The 4OK 
attenuation (below the superconducting Tc) showed predictable 
behavior for the clean crystal but the effect of dissolved 
oxygen was to introduce oscillations into this attenuation. 
This result could be simply interpreted in terms of clustering 
of the oxygen interstitials which interpretation was corro- 
borated by a variety of other data. 

22.0 Theoretical Electronic Structure of Polyatomic and 
Macro-Molecules 

Personnel: K. H. Johnson: F. C. Smith, Jr. 
'Sponsorship: Air Force Office of Scientific Research 

A new approach, based on scattering theory and Green's 
function formalism, has been developed for calculating from 
first quantum-mechanical principles the electronic structures 
of polyatomic and macro-molecules. The computational simplicity 
of the method and its applicability to molecules of arbitrary 
stereochemical structure are of particular advantage in 
treating systems where more conventional molecular-orbital 
techniques are difficult to implement. Among the most novel 
features of the method are: (1) the adoption of a model 
single-particle Hamiltonian based on the use of local, 
statistical approximations to exchange and correlation: ( 2 )  the 
complete freedom from having to calculate multicenter integrals 
(such as those of conventional LCAO techniques): ( 3 )  the 
explicit separation of numerical quantities into those which 
depend only on the nature of the component atoms or ions in 
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the molecule and those which depend exclusively on the molecular 
geometry. Initial non-self-consistent calculations have been 
completed on several elementary diatomic molecules, including 
HZ, H2, C2, and LiH, for the purposes of testing computer 
programmes and calibrating the model. More recently, these 
calculations have been extended to include self-consistency 
within the framework of the model Hartree-Fock Hamiltonian. 
General, self-consistent programmes are now being coded for 
the treatment of polyatomic systems, and applications are being 
made to complex sulfur and chlorine oxy-anions. Future applica- 
tions will include transition-metal complexes, in particular, 
those important to biology, such as the metal porphyrines. 
Applications to macro-molecular systems, including polymers, 
biopolymers, and amorphous -solids, are also planned. 

+ 

23.0 Theoretical Electronic Band Structures and Fermi Surfaces 
of Metals and Alloys 

Personnel: K. H. Johnson 
Sponsorship: Advanced Research Projects Agency 

Recently, our primary efforts have been directed to the 
calculation, from first quantum-mechanical principles, of the 
electronic band structures and Fermi surfaces of ordered alloys. 
Calculations by the Korringa-Kohn-Rostoker (KKR) method have 
been completed for the intermetallic compounds B'AuZn and B'NiA1, 
both of which are Hume-Rothery "3/2" type alloys having the 
cesium chloride crystal structure. The energy bands and Fermi 
surface of B'NiA1 are quite similar qualitatively to those 
determined earlier for ordered beta brass (B'CuZn), with overlap 
of the Fermi surface with the second (dodecahedral) zone boundary 
contributing in an important way to the stability of the NiAl 
beta phase. On the other hand, in B'AuZn relativistic contribu- 
tions to the electronic structure lead to "spin-orbit" splittings 
of the bands and to other band distortions which, in turn, cause 
a relatively large discontinuity of the Fermi surface across the 
first (cubic) zone boundary. This discontinuity tends to 
stabilize the ordered phase, and is consistent with the fact 
that B'AuZn does not disorder appreciably below the melting 
temperature. The very striking optical properties of the alloys 
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studied, e.g., the pale pink color of B’AuZn at room temperature 
and the composition dependence of the reflectance of B’NiA1, 
have been explained in terms of electronic transitions occurring 
between occupied and unoccupied bands in the vicinity of the 
Fermi energy. 

2 4 . 0  Theoretical Electronic Structure and Cohesive Properties 
of Beryllium 

Personnel: K. H. Johnson; D. 0 .  Pettijohn, D. Klingspon 
[Physics Dept.), (in cooperation with Professor P. D. 
Decicco, Physics Dept.) 

Sponsorship: Advanced Research Projects Agency 

In view of the technological importance of beryllium, it 
is perhaps surprising that there has been little theoretical 
research into the relationship of the electronic structure of 
the metal to its material and mechanical properties. Recently 
in our laboratory, there has been a concentrated effort to 
apply basic experimental methods of solid-state physics to 
beryllium. This work has included measurements of the elastic 
constants, the determination of electron momenta via Compton 
scattering, and Fermi suxface measurements as a function of 
alloying small amounts of impurities. Electronic structure 
calculations are being carried out from first principles by the 
Korringa-Kohn-Rostoker (KKR) method on the IBM 360-Model 65 
computer, using the constant-energy-search programmes developed 
in previous work. This procedure leads to a direct mapping of 
theoretical Fermi surface cross sections, as well as to the 
generation of energy band profiles. We are devoting particular 
attention to the dependence of the electronic structure on: 
(1) the choice of statistical exchange potential; (2) the c/a 
ratio of the hexagonal close-packed (hcp) lattice; ( 3 )  non- 
spherical. components of the crystal potential. Energy band 
calculations on beryllium oxide (BeO), which has unusual high- 
temperature properties, are also planned. We have also extended 
the scope of our work well beyond the calculation of energy 
bands by attempting to develop a quantitative theory of the’ 
elastic properties of beryllium. A procedure which has proven 
to be practicable, in principle, involves the following 
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considerations. The atomic force constants, which determine 
the elastic and vibrational behavior of crystals, are the 
components of the change in force produced on the nuclei when 
in equilibrium positions by the infinitesimal displacements of 
a single nucleus. Such quantum-mechanical forces can be 
calculated directly from the electronic and nuclear charge 
distributions by Coulomb's law and Feynman's theorem. 
Localized perturbation theory can then be used to calculate, 
to first order, the change in conduction electron density (and 
hence the force constants) resulting from the infinitesimal 
nuclear displacement. The elastic constants can then be related 
to sums of the atomic force constants for comparison with 
measured elastic properties. Such calculations are now being 
initiated on beryllium, as well as on simpler hexagonal metals 
such as magnesium. Finally, an attempt is presently being made 
to develop a quantitative theory of the Compton data recently 
measured for beryllium. Problems of fundamental importance in 
this connection include: the validity of the traditional 

' "impulse approximation" and the nature of the initial and final 
electronic states of the Compton process. In summary, by 
investigating the theoretical electronic structure of beryllium 
and its dynamical behavior at the atomic level, we hope to be 
able to understand, at least in part, the measured macroscopic 
electronic and cohesive properties. 

25.0 Theory of Impurity and Surface Electronic States 

Personnel: K. Ii. Johnson 
Sponsorship: Advanced Research Projects Agency 

A multiple-scattering model, based on Green's function 
formalism, has been developed for the theoretical determination 
of the localized electronic states of impurities in crystals. 
This model has the advantage over other methods that it does 
not require an explicit knowledge of the Wannier or Bloch wave- 
function spectrum for the perfect crystal. Because the 
impurities and atoms of the host lattice are treated on an equal 
basis, one can set up the model for the treatment of multiple 
impurities forming clusters, lines, and planes in the crystal, 
as easily as for the isolated impurity. The technique is 
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applicable, in principle, to all classes of crystals and 
impurities, including transition and magnetic elements, where 
a "muffin-tin'' representation of the impurity potentials is a 
reasonable first approximation. Vacancies are also within the 
scope of the model. More recently the model has been extended 
to the problem of calculating surface electronic states. 
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Research Report 

1.0 Strain-Enhanced Diffusion 
Personnel: M. Cohen 
Sponsorship: None 

Plans are underway to determine the effect of concommitant plastic 

deformation on the diffusion of intersti t ial  carbon in body-centered cubic 
and face- centered cubic iron. The s t ra in  enhancement of self-diffusion 

and substitutional diffusion is now well established, the proposed mechanism 
being that of llpipell migration along moving dislocations. 
process  for intersti t ial  diffusion has been postulated. 

An equivalent 

2. 0 Nucleation of Martensitic Transformations 
Personnel: M. Cohen; M. K. Korenko 
Sponsorship: Office of Naval Research 

Further  measurements a r e  being car r ied  out on the nucleation ra tes  
of iron-nickel and iron-nickel-manganese martensites,  using quantitative 

metallography and kinetic calculations. 
take autocatalytic and partitioning effects into account. 
nature of the preferred nucleation sites,  the transformation is being fol- 

lowed in very  small  particles which can be completely viewed at one t ime 
within the field of a n  electron microscope. A cooperative program has 
been instituted with the Research Center of the United States Steel Cor- 
poration, making use of their million-volt electron microscope. 

Models have been developed to 
To establish the 
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3.0 Mtissbauer Investigations of Iron-Base Interstitial Phases 

Personnel: M. Cohen, in collaboration with R. Kaplow; W. K. Choo 
Sponsorship: Office of Naval  Research 

Considerable time was devoted to improving the operation and re- 

liability of the Mtlssbauer equipment. 
high- carbon iron- carbon martensites which a r e  austenitic at room tempera- 

ture, and which can be converted to virgin martensite by refrigeration. 
The specimens have to  be splat-quenched from the liquid state for  this pur- 

pose, in order to avoid inadvertent precipitation of carbides at elevated 
temperatures. We a r e  now in a position to determine the local environ- 
ments of the interstitial atoms in virgin body- centered tetragonal marten- 
site; in addition, the subsequent changes due to re-distribution of the 
carbon atoms on warming up from the liquid-nitrogen temperature will be 

followed to obtain evidence of carbon- clustering, carbon disordering 
(conversion from tetragonal to cubic martensite), carbon migration to dis- 
locations, and carbide precipitation. 

Runs a r e  now in progress with very 

Splat-quenched specimens have also been prepared of the new epsilon- 

phase, which appears to be an  ordered solid-solution of carbon in the 
hexagonal close-packed form of iron, based on a unit-cell composition of 
Fe12C3. This phase will be studied by Mtlssbauer measurements. Here 

again, the nature of the carbon-atom environments i s  of special interest. 

4.0 Strain Hardening a t  Very Large Plastic Deformations 
Personnel: M. Cohen, J. F. Breedis; A. M. Sherman 

Sponsorship: Office of Naval Research 
The s t ra in  hardening of iron-base and titanium-base alloys during 

very  severe plastic deformation by wire drawing are being investigated 
from the standpoint of the mechanisms involved. 
the main strengthening process is one of cell formation within the grains, 
and the progressive refinement of these cells. 
been developed, and is being tested for the titanium alloys. 
par t  of the cellular-refinement process is controlled by dynamic recovery 

during the deformation, which results in cell-wall migration and some loss 
of cells. 

particularly with ieference to its temperature dependence. 

For the ferrous materials, 

A quantitative model has 
A significant 

The nature of this recovery phenomenon is being examined, 

5. 0 Strengthening Mechanisms 

Personnel: M. Cohen; G. T. Eldis, F. B. Fletcher 
Sponsorship: Office of Naval Research; Bethlehem Steel Corporation 

The thermomechanical strengthening of iron-base alloys is being 
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investigated in a series of alloys designed to distinguish between the role of 

carbon/dislocation interactions and actual carbide precipitation. Both aus- 

forming and s t ra in  tempering a r e  being analyzed in this way. 
transformation temperatures a r e  below the ambient in order  to s ta r t  with 

virgin martensite. 

All of the 

A relatively new phenomenon, the so-called strength differential, is 
under study in order to determine its cause and characteristics. 
example, hardened steels are found to res is t  plastic deformation more 

For 

effectively under uniaxial compression than under uniaxial tension, the dif- 

ference being large enough to have considerable practical significance. 
theoretical treatment of this strength-differential effect is still  in an ele- 
mentary stage, and the generality of the phenomenon remains to be afiwr- 

tained. 

The 

5.0 Order-Disorder Phenomena in Iron- Carbon Martensites 
Personnel: M. Cohen; A. M. Sherman 
Sponsorship: Climax Molybdenum Corporation of Michigan 

The relationship between tetragonal and cubic martensites is being 
studied wit% reference to the distribution of carbon atoms. 

the current picture is whether the cubic form of martensite represents a 

disordered a r r a y  of the interstitial carbon atoms, thus eliminating the 
tetragonal structure corresponding to the ordered configuration, or whether 

the martensite simply becomes depleted by virtue of carbon movement to 

dislocations and other structural traps. 
with iron-nickel-carbon alloys to distinguish between these alternatives, and 
to  check the prevailing order-disorder theories. 

A key issue in 

Experiments have been devised 

6.0 Massive Transformations in Alloys 

Personnel: M. Cohen; R. K. Mehrotra 
Sponsorship: Office of Naval Research 

The model of massive transformations proposed by D. A. Karlyn, 
J. W. Cahn and Morris Cohen ear l ier  in this research program involves a 
delay time prior to the isothermal transformation, a t  least  in the case of 

copper-zinc alloys. 
seconds, and is difficult to measure accurately. 

cadmium alloys exhibit a massive transformation in which the reaction rates 
are very much slower. 
the characteristics of the delay time, thereby providing a more rigorous 
test for the model. 

However, here  the delay time is of the order of milli- 
On the other hand, silver- 

This provides an  excellent opportunity to disclose 
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7.0 Beta Isomorphous Titanium Alloys 

Personnel: J. F. Breedis; M. K. Koul 
Sponsorship: Ai r  Force Materials Laboratory 

The mechanical properties of beta isomorphous titanium alloys and 

their  related transformation s t ructures  a r e  of technological importance. 
Therefore,  formation of the omega and alpha phases on quenching and aging 

and of martensite under a n  applied s t r e s s  has  been studied in  binary alloys 

containing molybdenum, niobium and vanadium. Thermodynamic calcu- 
lations using the regular solution approximation reveal  that the beta phase 
exhibits a tendency for  phase separation. Such compositional fluctuations 
in the beta phase can lead to  an  increase in the driving force for  alpha 

phase formation in titanium-vanadium but a r e  not associated with omega 
formation. 

vanadium- containing alloys is found to be hexagonal close-packed, as ex- 
pected f r o m  thermodynamic considerations. Furthermore,  the influence of 
omega and alpha precipitation on the deformation behavior a t  normal s t ra in  
ra tes  has  been studied. 

to be associated with the large volume fraction and fine particle s ize  of non- 
deformable precipitates. 

dispersion of alpha precipitates and to yield good tensile properties. Under 
high s t ra in  conditions, greatest  strengthening is obtained af ter  simultaneous 
deformation and transformation in metastable beta alloys and in alpha phase 

titanium where pressure-induced transformations are found to  occur. 

Stress-induced martensite formed in molybdenum- and 

The apparent embrittling effect of omega is found 

P r io r  omega formation is shown to influence the 

8. 0 Strengthening Mechanisms in Titanium Alloys 

Personnel: J. F. Breedis;  D. S. Gelles 
Sponsorship: Air Force Materials Laboratory; National Science Foundation 

Fel l  ow ship 

A program to determine the effect of spinodal decomposition on the 
The titanium- strength properties of beta titanium alloys is in progress.  

niobium system which i s  believed to contain a hidden miscibility gap is the 
base system for this study. 

model fo r  miscibility gap formation and published heat of mixing data, the 
miscibility gap can be predicted to  r i s e  in temperature with additions of 
third components such as oqmium, ruthenium, tungsten and zirconium to 
form a ternary monotectoid. Thusfar, the titanium-niobium-ruthenium and 

titanium-niobium-tungsten systems have been investigated. 
has not been conclusively demonstrated as yet due to  masking by a n  etching 

effect on electron microscopy specimens. However, the appearance of 
omega precipitation in high niobium- containing, Ti-Nb- W alloys af ter  aging 

Employing Meijerings ternary regular solution 

Phase separation 
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suggests that phase separation may have occurred initially. 

developed through aging will be studied using transmission electron micro- 
scopy, and low-angle x-ray scattering, and correlated with observed yield- 
ing and work hardening behavior. 

The structures 

A second portion of this effort i s  concerned with the influence of 

interstitial solutes and martensit ic transformations on the mechanical pro- 
perties of titanium alloys. 
alloys, as well as metastable compositions which transform to martensite 
on quenching a r e  included in this new study. 

Stable, beta titanium-molybdenum- oxygen 

9.0 Deformation of Hexagonal Close-Packed Alloys 

Personnel: J. F. Breedis; D. B. Snow 
Sponsorship: Advanced Research Projects  Agency 

mation behavior of single-phase hexagonal close-packed alloys over a wide 

range in composition. The ruthenium-iron system, where the hexagonal 

close-packed phase extends from zero  to nearly eighty atomic percent iron, 
has been chosen €or this study. 

The ultimate objective of this investigation i s  to elucidate the defor- 

Single crystals of pure ruthenium have been obtained using the electron- 
beam floating-zone technique. 

that only the <1120> { l i O O  1 slip mode operates a t  room temperature. 
2 

The crit ical  resolved shear s t r e s s  was determined to be 2.66 kg/mm . 
Deformation to the extent of 0. 32 resolved shear s t ra in  reveals an unusually 

high rate  of work hardening (8 -19  kg/mm ) during easy glide. 

studies os the dislocation configurations characterist ic of stages I and I1 a r e  
being conducted. 

pendicular to the pr imary slip plane have been prepared. 
tendency for clusters of edge dislocations to form, somewhat s imilar  to 

those observed by Hirsch and Lally on the basal plane of magnesium single 
crystals. 

Compression tes ts  of these crystals indicate 

2 Extensive 

Foils made from sections spark cut parallel and per- 

There is some 

No evidence of dislocations with Burgers vectors other than 

< l l z O >  has been detected by slip t race analysis or  by dark field electron 
microscopy. The effect of temperature on the cri t ical  resolved shear 
s t r e s s  and work-hardening ra te  of ruthenium crystals oriented for single 
slip, a s  well a s  for double sl ip and for compression parallel  to the c axis 

a r e  a lso being studied. 

10. 0 Fatigue of Titanium Alloys 

Personnel: J. F. Breedis; R. Stevenson 
Sponsorship: Advanced Research Projects  Agency 

The increasing use of titanium and i ts  alloys in aerospace applications 
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has  prompted extensive investigation of i ts  macroscopic fatigue behavior. 
However, the microstructural  response of titanium, o r  indeed of most 
H. C. P. metals to fatigue loading has been largely neglected. 
of this investigation is to  observe the mechanical and microstructural  
response of titanium during the initial (hardening- softening) stage of fatigue. 
It is hoped that some correlation may be observed between the mechanical 
properties and the nature of the dislocation a r r a y s  which develop during 
this initial stage. 

The purpose 

A conventional tensile machine has  been modified to permit push-pull 
No evidence of non-axiality can be detected in the range of fatigue testing. 

plastic s t ra in  of interest. 

which sets  s t ra in  l imits on the basis  of plastic strain. 
structural  behavior, this s t ra in  l imit  is a more  fundamental parameter than 
either s t r e s s  o r  total strain. Incorporated into the system i s  the capability 
to suppress par t  of load scale which allows greater  precision in determining 
when saturation has been attained. 
either total o r  plastic strain,  the mechanical response of the specimen 
during loading may be displayed in a manner which shows to best  advantage 
the change in the property under consideration. 

A separate  control system has been developed 
In t e rms  of sub- 

Since s t ra in  may a l so  be displayed a s  

Preliminary resul ts  indicate that titanium (in common with 
some F. C. C. metals)  develops a cellular dislocation s t ructure  a s  saturation 
is approached. 
this may occur. 

Consideration i s  being given to the mechanisms by which 
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I I 1. PHYSICAL METALLURGY - Thermodynami cs o f  Mu1 ti component Systems ; 
Properties of Solid Solutions and Intermetallic Compounds; 
Deformation and Annealing. 

(All personnel from Department of Metallurgy and Materials Science) 

Faculty: 
M. B. Bever, Professor 

Research Staff: 
A.  K. Jena, DSR Staff ( t o  December 7, 1968) 
G. C. Das, DSR Staff (from November 21, 1968) 

Graduate Students: 
J .  P .  Clark, NSF Trainee 
J .  W. P u g h ,  Teaching Assistant 

Support Staff:  
L. I .  Sudenfield, Project Technician ( to  August 1 ,  1969) 
T. R.  Walsh, Secretary 

Personnel who have l e f t :  
A.  K. Jena, DSR Staff (Now Assistant Professor, Department of Metallurgical 

Engineering, Indi an Inst i tute  of Technology , Kanpur, India) 

Sponsorship: 

Office of Naval Research under Contract Nonr 3963-(19) as indicated; other 
research had no outside support. Several of the l is ted publications report 
research completed in ear l ie r  periods and supported by other agencies, in 
particular the U.S. Atomic Energy Commission under Contract AT(30-1)-1002. 

Research Report 

systems, the properties of solid solutions and intermetallic compounds and 
the deformation and annealing of metals and alloys. 
niques used included liquid metal solution calorimetry, X-ray diffraction, 
electrical  measurements and mechanical tes t s .  

Research carried o u t  dur ing  the year under review was sponsored by the 

T h i s  research was concerned with the thermodynamics of mu1 ticomponent 

The experimental tech- 
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1. Thermodynamics o f  Mu1 ticomponent Systems 

1.1 The Heats of Formation of Crystal1 ine and Amorphous Selenium-Tel lurium 
A1 1 OJCS 

Personnel: M. 8. Bever; G. C. Das 
Sponsorship: Office of Naval Research 

The heats of formation a t  273°K of crystall ine selenium-tellurium 
solid solutions were measured by liquid metal solution calorimetry w i t h  
bismuth as solvent. 
and 90 a t .  pct Te) was covered. All alloys had small negative heats of 
formation except the 20 pct Te alloy, which had a small positive heat of 
formati on. 

Amorphous selenium-tellurium alloys containing u p  t o  40 a t .  pct Te 
were prepared by rapid solidification carried o u t  by quenching capsules 
containing the molten alloy in a freezing mixture a t  -20°C. The heats of 
formation a t  273"K, based on crystall ine selenium and tellurium, of a 10 pct 
and a 20 pct Te alloy were positive and large. The measurements are being 
extended t o  amorphous alloys of higher tellurium concentration. 

The entire composition range (10, 15, 20, 30, 50, 70 

1.2 Energy of Ordering of the n-phase (Cu6Sn5) in the System Copper-= 

* Personnel: M. B. Bever; G. C. Das 
Sponsorship: Office of Naval Research 

The energy of ordering of the ?-phase (Cu6Sns) i n  the system copper- 
t i n  i s  being measured by liquid metal solution calorimetry. 
fraction measurements of the s ta te  of order in specimens of this  phase are 
i n  progress. 

X-ray dif-  

2. Properties of Solid Solutions and Intermetallic Compounds 

2.1 Properties o'f Amorphous Selenium-Tellurium Alloys; Kinetics of 
Crystallization 

Personnel: M. B. Bever; G. C. Das 
Sponsorship: Office of Naval Research 

The microhardness o f  amorphous alloys containing u p  t o  40 a t .  pct Te 
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was measured. 
increase i n  hardness w i t h  tellurium content than the crystall ine alloys. 

A t  45°C the hardness went through a maximum in a relatively short time; a t  
room temperature i t  increased a t  a decreasing rate.  The density of the 
in i t i a l ly  amorphous alloys also increased with time a t  room temperature. 
X-ray diffraction work on the amorphous and crystall ine alloys has been 
started.  

In this  composition range the amorphous alloys showed a sharper 

The microhardness of the in i t i a l ly  amorphous alloys changed w i t h  time. 

3 .  Deformation and Annealing 

3.1 The Effects of Cold Work on the Alloys MgaCd and MgCde 

Personnel: M. B. Bever; J.-P. Clark 

Only limited data are available on the stored energy of cold work of 
hexagonal close-packed metals and on most other aspects of their  mechanical 
behavior. Among ordered hexagonal close-packed alloys, information on de- 
formation behavior has been published only for  the alloy Mg3Cd. In our 
investigation the stored energy of cold work of i n i t i a l ly  ordered and dis- 
ordered Mg3Cd and MgCd3 will be measured. Wire specimens t o  be deformed 
i n  torsion have been prepared. 
o f  formation and the ordering energies will be measured by liquid metal 
solution calorimetry. Other properties, especially the electrical  resis-  
t i v i  ty and mechanical properties, and the short-range and long-range order 
will also be investigated. 

In addition t o  the stored energy, the heats 

3.2 Deformation o f  Face-Centered Cubic Alloys to  Very High Strains 

Personnel: M. B. Bever; J .  F. Breedis; J .  W. Pugh 

T h i s  research is  concerned w i t h  the effects of deformation on gold- 
s i lver  alloys a t  very high s t ra ins ,  the mechanisms of strengthening, dynamic 
recovery and energy storage and the structural  characterization of the de- 
formed alloys. The deformation to  very h i g h  s t ra ins  i s  accomplished by wire 
drawing. Changes in various properties, in particular mechanical properties 
and electr ical  res is t ivi ty ,  will be investigated. The structural  characteri- 
zation o f  the deformed alloys will involve electron microscopy, measurements 
o f  the stored energy and X-ray diffraction. 
has been carried out. 

Preliminary experimental work 
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in Bismuth-Tin Alloys", accepted for  publication by Trans. TMS-AIME. 

M. 6. Bever and C. F. Floe, "Surface Hardening of Steel", a r t i c l e  for  
McGraw-Hill Encyclopedia of Science and Technology. 

M. B. Bever, "Metallography', a r t i c l e  for  McGraw-Hi11 Encyclopedia of 
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Iv. PHYSICAL METALLURGY - Phase transit ions in Solids, Coarsening, 
Radiation Damage, and Condensation in Nozzles 

( A l l  personnel f rom the Department of Metallurgy and Materials Science) 

Faculty: 
J. W. Cahn, Professor  
K .  C. Russell, Associate Professor  

Graduate Students: 
J. C. Goldman, Research Assistant 
J. C. Baker,  NSF Trainee 
S. K. Bhattacharyya, Research Assistant 
C. P. Biswas, Research Assistant 
P. G. Boswell, Research Assistant 
R. B. Heady, Research Assistant 
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Sponsorship: 

National Science Foundation, GK-10586, DSR 71384 
Office of Naval Research,  Nonr-3936 (07), DSR 79809 

Advanced R e s e a r c h  P r o j e c t s  Agency, SD-90, DSR 75129 
National Insti tutes of Health, DE02384-04, DSR 71552 
Sloan Basic  Resea rch  Fund G r a n t ,  27695 

Research Report 

1.0 Theory of  Spinodal Decomposition 

Personnel: J. W. Cahn 

Sponsorship: Nat ional  I n s t i t u t e s  of Health 

A t h e o r e t i c a l  b a s i s  f o r  s e l e c t i n g  te rnary  a d d i t i o n s  t o  raise o r  
lower t h e  r e a c t i o n  temperature f o r  sp inodal  decomposition i n  b inary  
a l l o y s  w a s  e s t a b l i s h e d  as p a r t  of a cont inuing s tudy  on multi-component 
systems. 
e6 sp inodal  decomposition and order ing s imultaneously,  an untenable 
p o s s i b i l i t y  i n  b inary  a l l o y s .  
i n t e r a c t i o n  c o e f f i c i e n t s  were a l s o  used t o  estimate the  start  temperatures 
f o r  t h e s e  reac t ions .  This t reatment  d i f f e r e d  from previous work c h i e f l y  
by t h e  i n c l u s i o n  of  coherency s t r a i n  energy which tends t o  s t a b i l i z e  
phases. Future work w i l l  use t h e  above concepts i n  a t tempts  t o  c o n t r o l  
t h e  age-hardening behavior  of gold-nickel base a l l o y s .  

2.0 Elec t ron  I r r a d i a t i o n  

Personnel :  K. C. R u s s e l l ;  J. M. Wells 

Sponsorship: Advanced Research P r o j e c t s  Agency 

The study f u r t h e r  pred ic ted  t h a t  t e r n a r y  phases could b e  uns tab le  

A simple cons t ruc t ion  based on binary  

We are proceeding t o  i r r a d i a t e  i r o n  w i r e s  a t  Liquid helium tempera- 
t u r e s  and deduce t h e  n a t u r e  of the  damage by s tudying annealing k i n e t i c s .  
We have redesigned t h e  sample mount and hea t ing  arrangement so  as t o  
o b t a i n  rap id  hea t ing  rates whi le  measuring t h e  sample temperature 
accura te ly .  Solute-defect t rapping is t o  p a r t i c u l a r  i n t e r e s t  t o  us and 
w e  b e l i e v e  a n a l y s i s  of  the  rate of r e s i s t i v i t y  decay during annealing 
w i l l  provide informat t ion  on t h i s  phenomenon. 

3.0 Nucleat ion and Coarsening i n  Nozzles 

Personnel: K. C. R u s s e l l ;  P. G. H i l l ;  R. Roberts 

Sponsorship: Off ice  of Naval Research 

W e  have concluded our  i n v e s t i g a t i o n  of nuc lea t ion  i n  supersa tura ted  
vapors. 
and CFCl obey t h e  quantum-s ta t i s t ica l  nuc lea t ion  rare equatgop of Lo%he 
and Pound, whereas H 0 and CO vapors are i n  accord with t h e  10 
slower nuclea t ion  rages predic ted  by t h e  classical Becker-Doering theory: 
It is observed t h a t  l i q u i d s  of hydrogen bonded o r  rod-l ike molecules 
g e n e r a l l y  fol low classical  theory and a l l  o t h e r  f l u i d s  i n v e s t i g a t e d  obey 
the  Lothe-Pound rate equat ion.  
h ighly  o r i e n t e d ,  low entropy s u r f a c e s  of hydrogen-bonded l i q u i d s .  

We have found t h a t  condensation i n  vapors of NH 3’  c H6’ CHCl  9 

t i m e s  2 

This behavior  is  i n t e r p r e t e d  i n  tenus of t h e  
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R. Roberts i s  i n v e s t i g a t i n g  coarsening of water d r o p l e t s  i n  a long, 
s l i g h t l y  divergent  supersonic  nozzle. 
t o  measure d r o p l e t  s i z e  d i s t r i b u t i o n  i n  t h e  5011 t o  l u  s i z e  range. 
want t o  deduce t h e  mechanism of formation of t h e  micron-size drops f re -  
quent ly  observed i n  turb ines  under condi t ions  where ssandard nuc lea t ion  
and coarsening theory p r e d i c t  d r o p l e t s  of 100 - 1000 A. 

4.0 

Personnel: J. K i t l e r  

Laser l i g h t  s c a t t e r i n g  i s  used 
We 

Sponsorship : Advanced Research P r o j e c t s  Agency 

The Kratky low-angle camera i s  p r e s e n t l y  being used t o  s tudy  
phase s e p a r a t i o n  i n  the BaO-Si0 g l a s s  system. This  system which 
e x h i b i t s  an asymmetric m i s c i b i l i t y  gap has  been picked because of 
previous observa t ions  which have been made i n  the e l e c t r o n  micro- 
scope both on slices from t h e  bulk and samples which were vapor 
deposi ted.  Low-angle X-Ray s t u d i e s  on s imi la r  specimens would permit 
the  f i r s t  d i r e c t  comparison between metallograph o r  "real space" d a t a  
and its Four ie r  Transform. This may he lp  t o  clear some of t h e  confusion 
which e x i s t s  over  morphology and decomposition mechanisms. 

Theore t ica l  work has  been done on t h e  X-ray s c a t t e r i n g  which is t o  
be expected from p a r t i c l e s  wi th  a d i f f u s e  i n t e r f a c e .  
of the  i n t e n s i t y  t i m e s  the  s c a t t e r i n g  angle  r a i s e d  t o  the  f o u r t h  power 
i s  f i n i t e  and propor t iona l  t o  t h e  d i f fuseness  t o  t h e  i n t e r f a c e .  
Expressions g iv ing  t h e  form of t h e  Debye c o r r e l a t i o n  func t ion  have a l s o  
been der ived.  

2 

The i n t e g r a l  

5.0 Growth Enhancement of I c e  Crystals 

Personnel: J. Goldman 
Sponsorship: Nat ional  Science Foundation 

It is known t h a t  when ice s o l i d i f i e s  from aqueous s o l u t i o n s ,  l a r g e  
p o t e n t i a l s  of t h e  order  of hundreds of v o l t s  may develop a c r o s s  the  
s o l i d - l i q u i d  i n t e r f a c e .  This phenomenon i s  probably respons ib le  f o r  
t h e  growth rate enhancements over  values  f o r  pure water t h a t  have been 
observed. The present  research  i s  concerned with eva lua t ing  t h e  e f f e c t s  
of p o t e n t i a l  d i f f e r e n c e s  on the growth of ice. 

6.0 Thermodynamics of Sol ids  Under Non-Hydrostatic S t r e s s  

Personnel :  F. Larch6 

Sponsorship: Nat ional  Science Foundation 

The t h e o r e t i c a l  condi t ion  of equi l ibr ium of multi-component s o l i d s  
under non-hydrostatic stress is  being i n v e s t i g a t e d .  
c o n s t r a i n t s  are imposed on the p o s s i b l e  movements of atoms on the  
l a t t i ce  are considered. As a f u t u r e  development t h i s  work should lead  
t o  t h e  formulat ion of a d i f f u s i o n  equat ion f o r  specimens under stress. 

7.0 

Personnel: K.C. Russe l l ,  S. Bhattacharyya, and J. Johnson-Weins 

Sponsorship: Nat ional  Science Foundation 

Systems where 

Coarsening i n  Sol id  S t a t e  Transformations 

The theory of coarsening ("Ostwald Ripening") has  been analyzed 

169 
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i n  cases where the conditions are qu i t e  d i f f e ren t  from the  standard 
assumptions of the es tab l i shed  Lifshitz-Slyozov o r  Wagner model. 
e f f e c t  of volume f r ac t ion  of the  dispersed phase on its coarsening rate 
has been considered. 

more emphasis on in t e rna l ly  oxidized systems. 

coarsening of dendrite arms i n  m e l t s .  

The 

Activation energy f o r  coarsening of compounds has been studied with 

A t  present,  research is  being done t o  understand the  k ine t i c s  of 

8.0 Kinetics of Disorder-Order Transit ions 

Personnel: M. J. Richards 

Sponsorship: National Science Foundation 

W e  are inves t iga t ing  the k ine t i c s  of disorder-to-order t r ans i t i ons .  
I n  conjunction with M r .  Boswell the "pulse-heater" has been r e b u i l t  t o  
allow heat treatments from 0-5000 milliseconds. The system Iron- 
Palladium has been chosen fo r  study. 

9.0 Non-equilibrium So l id i f i ca t ion  

Personnel: J. Baker 

Sponsorship: National Science Foundation 

a spontaneous increase  i n  the chemical po ten t i a l  of the  minor component 
of a binary a l loy .  
with thermodynamics, y e t  there a r e  "thermodynamic" theories t ha t  begin 
by postulating t h a t  such so lu t e  trapping can ' t  happen. 
and experimental program is aimed a t  comprehending the nature of the 
i r r eve r s ib l e  processes. 

10 .O Liquid Phase S in te r ing  

Personnel: R. B. Heady and J. W. Cahn 

Sponsorship: National Science Foundation 

So l id i f i ca t ion  under conditions f a r  from equilibrium can lead t o  

Such an experimental r e s u l t  i s  not incons is ten t  

A t heo re t i ca l  

The cap i l l a ry  forces between p a r t i c l e s  due t o  the presence of a 
l i qu id  phase have been analyzed. 
have a marked e f f e c t  on the kinds of i n t e r p a r t i c l e  forces and how these 
depend on l i qu id  volume. 
m a x i m u m  a t  i n f in i t e s ima l  l i qu id  volumes, while f o r  the corner-on-plane 
geometry i t  i s  zero and increases rapidly with volume. Sphere contacts 
have only normal forces ,  while contacts among jagged p a r t i c l e s  g ive  
rise t o  shears and torques which a re  l i k e l y  t o  be important in p a r t i c l e  
rearrangement Ieading t o  dens i f ica t ion .  

Contact geometrics are predicted t o  

The normal force between two spheres i s  a 

11.0 Nucleation Near a Critical Unmixing Point i n  a Binary System 

Personnel: R. B. Ready 

Sponsorship: National Science Foundation 

To test nucleation theory c r i t i c a l  undercooling has been measured 
i n  a system i n  which the thermodynamic functions a r e  known. 
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12.0 

Personnel: R. B. Heady 
Sponsorship: Nat ional  Science Foundation 

Vapor pressure  has  been determined near  t h e  consolute  p o i n t  i n  t h e  
perfluorocyclomethylhexane-cyclomethylhexane system. The thermodynamics 
func t ion  d e v i a t e s  mardedly from those  of a regular  s o l u t i o n .  
l a w  exponents B and y'have been determined t o  be B = .33, 

The s c a l i n g  
yl= 1.3 

13.0 Massive Transformations 

Personnel: K. C. Russe l l  and P. G. Boswell 

Sponsorship: Nat ional  Science Foundation 

A double pulse  h e a t e r  has  been assembled and i s  t o  be used t o  s tudy 
t h e  massive t ransformations in  te rnary  systems. Cu-Zn-X a l l o y s ,  where 
X is a s m a l l  f r a c t i o n  of a t h i r d  element are being prepared wi th  a v i e w  
t o  observing t h e  e f f e c t  of X on the  k i n e t i c s  of the  $ + a massive t rans-  
formation. Also, the  growth rates of  massive a h t h e  equi l ibr ium 2 
phase (a + $) reg ion  of t h e  Cu-Zn system are being measured a t  d i f f e r e n t  
temperatures. 

phase p r o p e r t i e s  t o  the  growth rate of the  phase, wi th  s p e c i a l  re fe rence  
t o  t h e  presence of t h i r d  elements, i n  small amounts, causing in te rphase  
boundary drag. 

Theore t ica l  work i s  at tempting t o  relate non-equilibrium i n t e r -  

14.0 Heterogeneous Nucleation i n  Grain Boundaries 

Personnel: K. C. R u s s e l l  and C. B i s w a s  

Sponsorship: Nat ional  Science Foundation 

Experimental i n v e s t i g a t i o n  w a s  done t o  s tudy g r a i n  boundary nuc lea t ion  
in Cu-Co a l l o y .  The r o l e  of excess quenched-in vacancies  i n  nuc lea t ion  
and growth of p r e c i p i t a t e s  w i l l  a l s o  be s tudied .  
of  t r a n s p o r t  of s o l u t e  atoms t o  t h e  p r e c i p i t a t e s  is a l s o  under i n v e s t i -  
ga t ion .  
expression f o r  t h e  k i n e t i c s  of g r a i n  boundary nuc lea t ion  from these  
experimental  observat ions.  

The actual mechanism 

F i n a l l y ,  w e  s h a l l  a t tempt  t o  der ive  a d e t a i l e d  mathematical 

Theses : 

J. E. Morral, " S t a b i l i t y  of Ternary Alloys t o  Continuous Changes of 
Phase", Ph.D. Thesis  , Department of Metallurgy and Materials 
Science, September 1968. 

R. B. Heady, "An Experimental I n v e s t i g a t i o n  of Nucleation Theory i n  
a Liquid-Liquid M i s c i b i l i t y  Gap", Ph.D. Thesis ,  Department of 
Metallurgy and Materials Science, September, 1969 
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Publ ica t ions  : 

J. W. Cahn, "The Metastable  Liquidus and Its Ef fec t  on the Crystall iz- 
a t i o n  of Glass", Jmrnal of the  American Ceramic Society,  52, 
118, March 1969. 

J. C. Bake r  and J. W. Cahn, "Solute Trapping by Rapid Sol id i f ica t ion" ,  
Acta M e t . ,  z, 575, May 1969. 

D. A. Karlyn, J. W. Cahn, and M. Cohen, "The Massive Transformation 
in Copper-Zinc Alloys'; TMS-AIME, 245, Febuuary 1969. 

J. W. Cahn, "Coherency S t r e s s  i n  E l a s t i c a l l y  Anisotropic  Crystals 
and Its Ef fec t  on Diffus iona l  Processes", I n s t i t u t e  of 
Metals, Monograph and Report Se r i e s ,  2, 1969 

i n  
TSM-AIPIE. i n  press .  

"Nucleation of Supersaturated Vapors i n  Nozzles, P a r t  I: 
H20 and NH3l1, accepted by J. Chem. Physics. 

D. B. Dawson, E. J. Willson, P. G. H i l l  and K. C. Russel l ,  
"Nucleation of Supersaturated Vapors i n  Nozzles , P a r t  I1 : 
C6H6, CHCl  , and C H OH", accepted by J. Chem. Phys. 

K. C. R u s s e l l ,  " h e a t i o n  on Gaseous Ions", J. Chem. Phys. 50, 
1809, (1969). 

K. C. Russel l ,  "Comments on Nucleation and Coarsening i n  Binary 
Condensed Systems", J. Coll. In t e r f ace  Sci .  29, 590 (1969). 

K. C. R u s s e l l ,  "Nucleation i n  Sol'ids", i n  Phase Transformations 
(1968 Seminar), ASM, Cleveland, i n  press .  

K. C. R u s s e l l ,  "Grain Boundary Nucleation Kinet ics" ,  A c t a  Met. 
1 7 ,  1123 (1969) 

K. C. Russell, "The Role of Excess Vacancies i n  Prec ip i ta t ion" ,  
Sc r ip t a  M e t .  2, 313 (1969). 

J. Goldman, H. I. Aaronson and H. B. Aaron, "Growth Mechanisms of 
Grain Boundary Allotriomorphs i n  A1-4% Cu a t  High Homologous 
Temperature; I n t e r f a c i a l  vs. Direct Volume Diffusion", 
submitted t o  Trans. AIM. 

G. R. Speich and M. J. Richards, "Diffusion Equations f o r  Pearlite 
Dissolut ion",  TMS-AIME, 245 1073 (1969). (Appendix t o  paper 
by G. R. Speich and A. Azirmae). 

R. B. Heady and J. W. Cahn, "An Analysis of the  Capi l la ry  forces  
Liquid -Phase S in te r ing  of Spher ica l  Par t ic les ' ;  Trans. 

H. L. Jaeger ,  E. J. Willson, P. G.  H i l l ,  and K. C. R u s s e l l ,  I' 

2 5  
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V. HIGH TEMPERATURE METALLURGY 
(Personnel f rom Department of Metallurgy and Mater ia ls  Science except 

where indicated) 

Faculty: 
N. J. Grant, Professor  
R. M. Pelloux, Associate Professor  

Research Staff: 
W. F. Schilling, DSR Research  Staff 

Graduate Students : 
G. T. Campbell, Research Assis tant  
W. T. Compton, Research  Assis tant  
J. Cooper, Research Assistant,  Naval Architecture 
H. M. Dalal, Research Assis tant  
R. M. Davison, Research  Assis tant  
K. E. Erhardt ,  Research Assis tant  
C.  H. Jansen,  Research  Assis tant  
D. J. Kenton, Research  Assis tant  
M. R. Lebo, Research  Assis tant  
R. Ray, Research Assis tant  
V. K. Sarin,  Research  Assis tant  
M. Singh Grewal, Research Assis tant  
J. Van den Avyle, Graduate Student 
L. F. P. van Swam, Research  Assis tant  
C. P. Weigel, Fellow, Center  for Advanced Engineering Study 
A. D. Wilson, Research  Assis tant  
S. M. Wolf, Research  Assis tant  

Support Staff: , 

E. D. Howell, Technician 
Lydia White, Secre ta ry  
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Personnel who have left: 
R. Ray, Research Assis tant  (now a t  Northeastern University) 
C. Weigel. Fellow (returned to Timken Roller Bearing Company) 
J. Van den Avyle, Graduate Student ( re turned to Sandia Corporation) 
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Degrees granted: 
R. Ray, Sc. D., Metallurgy and Materials Science, September 1969 
W. Schilling, Sc. D. ,  Metallurgy and Materials Science, June 1969 
C. Weigel, S. M.,  Metallurgy and Materials Science, September 1969 
J. Van den Avyle, S. M.,  Metallurgy and Materials Science, September 

A .  Wilson, S. M.,  Metallurgy and Materials Science, June 1469 
1369 

Sponsorship: 
Aeronautical Sys tems Division, Wright- Patterson AFB, F3 3 615 -67 - 
C1441, DSR 70324 
National Aeronautics and Space Administration, NGL 22-009-003, DSR 76243 

Naval A i r  Systems Command, Dept. of the Navy, N00019-67-C-0500, 
DSR 71371 
International Copper Research Association, Inc. , DSR 7153 5 
National Science Foundation, GK-1374, DSR 70290 
Office of Naval Research, Nonr 3963(18), DSR 74621 
Advanced Research Projects Agency, SD-90, DSR 78887, DSR 71625 

Research Report 

1.0 Dispersion Strengthening 

Personnel: N. J. Grant; W. Schilling; M. SinghGrewal; S. Wolf, 
H. Dalal, D. Kenton 

Sponsorship: National Aeronautics and Space Administration, Office of 
Naval Research 

Dr. Schilling has demonstrated the applicability of a surface oxidation 

technique, combined with internal oxidation, to the production of complex 
oxide-dispersed alloys. 
being extended to Ni-base materials.  An investigation is underway to cor -  
relate the dislocation sub-s tructure of Fe-Be0 alloys with the creep prop- 

er t ies .  Work is in progress to determine the effect of grain s ize  on creep 
properties of oxide dispersed Cu-base materials.  
this group will be used a s  a guideline. 

tion via a fluidized bed technique which exhibit some promising low tempera- 
ture Properties. 

The initial work done on Cu-A1-A1203 alloys is 

Ear l ie r  work done in 

Mr. Grewal has produced a se r i e s  of Ni-Be0 alloys by internal oxida- 

The high temperature strength and stability of these alloys 
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a re  currently being studied. 
M r .  Dalal has shown that excess Cr203 has a profound negative effect 

on the strength properties of stainless steel-ThOZ alloys. Alloys have been 
produced which are  nearly free of C r 2 0 3  and show interesting high tempera- 
ture s t ress  rupture properties. Studies a re  underway to determine the 
coarsening kinetics of Tho2 in these alloys. 

Mr .  Kenton has initiated a study of carbide dispersed nickel-base alloys. 
Both mechanical mixing and internal carburization a re  being used as methods 
for producing fine dispersions of T i c  in a complex Ni-Mo matrix. Simple 
Ni-Tic alloys, while stronge at  room temperature, were unstable at  elevated 
temperatures due to large solubility of T i c  in Ni.  

alloys calorimetrically; both iron base and copper base alloys were utilized. 
To date the equipment has not functioned satisfactorily; the expected precis- 
ion was not attained in the stored energy values which were measured. 

M r .  Wolf has attempted to measure the stored energy in oxide dispersed 

2 .0  Development of Chromium Base Alloys 

Personnel: N. J. Grant; R. M. Pelloux; Ralph Davison, Alex Wilson, 
Leo van Swam 

Sponsorship: Naval A i r  Systems Command, Advanced Research Projects Agcy. 

The chromium research program is an effort to improve the low tem- 
perature ductility, high temperature strength, and the nitrogen resistance 
of chromium alloys. 

Mr .  Wilson studied the properties of ternary alloys of Cr-Ru-Ti. 
Ruthenium lowers the DBTT, ruthenium and titanium raise the recrystal- 
lization temperature, and titanium improves the high temperature nitrogen 
resistance. 
fracture strength of 15,000 psi  for 100 hours at  2000 degrees F. 

the recrystallization temperature and improve the ductile to brittle trans - 
ition temperature. 
tion at  room temperature but failed by cleavage. 
show a sharp transition temperature for ductility, which suggests that i t  could 
be used at room temperature. M r .  Davison is also studying the influence 
of grain size on the ductile-brittle transition temperature of pure chromium 
since Hahn reported that coarse grained chromium has a lower transition 
temperature than fine grained chromium. 
i t  is possible to produce a grain size of about 2 microns after the recrystal- 

An alloy containing 10 Ru and 3 Ti seems very promising with a 

Mr. Davison is using refractory carbide phases (Nb, Ta, Ti, Z r )  to raise 

An alloy containing 270 TaC showed 6% uniform elonga- 
The same alloy does not 

Preliminary tests have shown that 
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lization treatment. 
M r .  van Swam is presently studying Cr-Ru-Ti alloys with a dispersion 

of thoria particles. 
chromium oxide formed during communition and mixing of the powders. 

The main problem at  the moment is to reduce the 

3 . 0  Rapid Quenching (Splat Cooling) on Alloy Structure and Properties 

Personnel: N. J .  Grant; R. M. Pelloux; C. Jansen, M. Lebo, R. Ray, 
V. Sarin 

Sponsorship: National Aeronautics and Space Administration, International 
Copper Research Association, National Science Foundation 

The structure and the properties of rapidly quenched allbys a r e  being 
investigated. to 
10 degrees C per second for an apparatus which produces pound-lot quan- 
tities of splat cooled materials suitable for consolidation and bulk testing. 
When small  (15 mg) thin foils a r e  produced, cooling rates  up to lo9 degrees C 

per second can be achieved. 
centered around: 

4 Cooling r a t e s  from the liquid state a r e  of the order of 10 
5 

The main goals of the research program are 

a )  increases in solid solubility 

b) 
c) 
d) 
e) 

formation of new metastable phases 
formation of amorphous and microcrystalline phases 
production of ultra-fine grained (or dendritic) structures 
control of excess phases in terms of particle s ize  and distri- 
bution 
change of the microstructure of non-equilibrium phases during 
subsequent decomposition by working o r  annealing. 

Dr. Ray completed a study of ten splat-cooled binary alloy systems of 

f )  

transition metals. 
new microcrystalline phases in Ti-Cu, Zr-Cu, Zr-Ni, Zr-Co, Zr -Fe ,  Z r -  
Pd, and Zr-Mn. 
cies w e r e  discovered in Ti-Ni and Ti-Co. 
bility w e r e  observed in almost a l l  of the systems studied. 

8 prepared over a wide range of quenching ra tes  {lo2 to 10 degrees/sec) in 

significant improvement in high temperature strength and stability will be 
achieved. 

He found TiFe3, a new metastable crystalline phase, and 

Defect structures containing up to 25 atomic percent vacan- 
Large increases in solid solu- 

Mr .  Sarin is studying copper alloys containing 0.1 to 1.0 wt. 70 Zr  

,order to vary the microstructures and solubilities. It is expected that a 

The decomposition behavior of splat-cooled aluminum alloys containing 
Mn, Fe,  Co, N i ,  Cu, or Pd is being studied by M r s .  Jansen. As-quenched 
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and annealed splat foils are  examined by X-ray diffraction and transmission 
electron microscopy. In particular, the decomposition of A1-Fe supersatu- 
rated alloys will  be followed for potential use as  dispersion strengthened 
alloys; and AI-Cu supersaturated alloys for aging phenomena. 

M r .  Lebo is producing pound lots of splat-cooled aluminum-silicon 
alloys in an attempt to produce a fine dispersion of silicon in aluminum. 
Mechanical properties a re  of interest. The commercial alloy, 2024 alum- 
inum, was produced by splat cooling and resulted in a very fine distribution 
of intermetallic particles with important benefits in yield strength and low 
cycle fatigue resistance. 

4.0 Fatigue Behavior of Aluminum Alloys 

Personnel: R. Pelloux; N.  J. Grant; K .  Erhardt, J. Van den Avyle, 
J. Cooper 

Sponsorship: A i r  Force Materials Laboratory, Advanced Research 
Projects Agency 

M r .  Erhardt has studied, by means of replica and scanning electron 
microscopy, the mechanisms of crack initiation in a 2024-T4 aluminum 
alloy. A t  all strain amplitudes the cracks initiate at intermetallic inclusions. 
A t  large strain amplitudes the stage-I crack follows the s l ip  bands resulting 
from the large plastic strains associated with the inclusions. 
fatigue cracks remain essentially normal to the major tensile axis even in 
the early stages of propagation. Stage-I was clearly identified by means of 
scanning electron microscopy and i t  extends over two or three grains below 
the surface. 
initiation stages. 

The low strain 

The inclusions do not play any role during Stage-I beyond the 

M r .  Van den Avyle studied the effects of intermetallic inclusion sizes 
on the fatigue properties of 2024-T4 aluminum. A i r  atomized and splat 
cooled materials were extruded to form alloys which possessed very small 
constituent particles (less than 1 micron) compared to the commercial alloy 
(up to 20 microns). 
fatigue life near the endurance limit in spite of a coarse grain size. 
rently work is in progress t o  refine the grain s i z e  by cold working after 
extrusion and to limit longitudinal delamination by varying the extrusion 
ratio. 

The extruded alloys showed a large improvement in f 

Cur- 

M r .  Cooper has started a program to study the influence of aging of an 
Al-Zn-Mg alloy (7075) on the fatigue properties in a sea water corrosive en- 
vironment. The endurance limits and the crack propagation rates wi l l  be 
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rciated to the stability of the microstructure. 

5 0 i)eformation,and Fracture a t  Hot Working Temperatures 

Personnel: N. J. Grant; R. M. Pelloux; G. Campbell, W. Compton, 
C. Weigel 

Sponsorship: Advanced Research Projects Agency 

Mr. Campbell has completed a study of the hot plasticity of an as-cast 
18-11 type stainless steel  with high nitrogen content. 
nitride precipitate at the grain boundary greatly reduced hot plasticity of 
this material. Recrystallization of the cast structure induced by low tem- 
perature deformation and 2 high temperature anneal was found to triple the 
hot plasticity. Recrystallization studies performed on the same material 
after the initial cold work - annealing sequence showed that the efficiency of 
a given plastic strain increment to produce a given reduction in grain size 
strongly depends on the strain rate. The higher strain rates of hot working 
were found to be as efficient as cold working with regards to recrystalliza- 
tion behavior. 

The recrystallization behavior of a cast, vacuum a rc  melted 18-8 alloy 
is being studied in detail as  a function of 1) the amount of plastic strain; 

2 )  strain rate; 3)  temperature; and 4) holding time after each straining step. 
M r .  Weigel has completed a study on a low alloy steel (AIS1 4130) 

It was found that a 

treated with minor additions of Ti, Cb, V ,  and A 1  to control the grain size. 
This study, which is related to the high temperature forging behavior of the 
alloy, showed that the addition of aluminum led to a transition from trans- 
granular to intergranular fracture and a lower ductility a t  low strain rates 
in the temperature range from 1700 to 1900 degrees F. The alloys treated 
with Ti, Cb, and V maintained a uniform ductility over the wide tempera- 
ture and strain rate ranges investigated. 

M r .  Compton is studying the hot plasticity of Fe-W-C alloys with the 
aim of achieving extreme grain refinement. 
these alloys a re  of interest. 

The resultant properties of 

Theses : 

R. Ray,"Splat Cooling of Binary Alloys of Transition Metals", Sc. D. 
Department of Metallurgy and Materials Science. 

W. F. Schilling, "Dispersion Strengthened Alloys Produced by a 
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Surface Oxidation Technique", Sc. D., Department of Metallurgy and 
Materials Science. 

J. A .  Van den Avyle, "Structure of Refinement in Fatigue Life of 
Aluminum Alloys", S. M. ,  Department of Metallurgy and Materials Science. 

C. P. Weigel, "The Influence of Grain Growth Inhibitors on the High 
Temperature Ductility of Low Alloy Steel", S. M . ,  Department of Metal- 
lurgy and Materials Science. 

A .  D. Wilson, "Properties and Behavior of Cr-Ru-Ti Ternary Alloys", 
S. M. I Department of Metallurgy and Materials Science. 

Publications : 

D. L. Ritter and N. J. Grant: "Modes cwf Deformation and Fracture in 
Low Cycle Fatigue of A 1  as  a Function of Temperature". 
Strain Fatigue: 
The Metals and Metallurgy Trust, London, 1968. 

thened Alloys". 
Lenel; Metallurgical Society Conferences, V.  47 (AIME) 1968. Gordon & 

Breach, Science Publishers, Inc., N. Y . ,  N. Y. 

Thermal and High 
Proceedings Int. Conference, Institute of Metals, 1967, 

L. L. J. Chin and N. J. Grant: "Stored Energy in Dispersion Streng- 
Oxide Dispersion Strengthening; Edited by Ansell, Cooper, 

C. Jansen, B. C. Giessen, N. J. Grant: "Atmospheric Corrosion of 
Splat Cooled Aluminum Alloy Foils", Jour. Metals, Dec. 1968, p. 10. 

P. K. Srivastava, B. C. Giessen, N.  J.  Grant: "New Metastable 
Electron Phases in Binary B-Metal Alloys", Acta Met., V. 16, Oct. 1968, 
p. 1199. 

B. C. Giessen, R. Wang, N. J. Grant: "New A3B5 Phases of the 
Titanium Group Metals with Rhodium", Trans. Met. SOC. AIME, - 245, 
June 1969, p. 1207. 

Fatigue at Low Strain Rates as  a Function of Temperature". Fracture 1969, 
Proc. of the 2nd International Conference on Fracture, Brighton, April, 
1969; Chapman & Hall,  Ltd. 

K. Erhardt, N. J. Grant: ''Behavior of 2024 Aluminum in Low Cycle 

W. F. Smith.and N. J. Grant: "Mechanism of Formation of Precipitate- 
Free Zones in an A1-4.7% Zn - 3 .9% Mg Alloy". Trans. ASM, - 62, 1969,724. 

ations", Trans. ASM, V. - 62, 1969, p. 281. 

2nd International Conference on Fracture, Brighton, April, 1969; Chapman 
& Hall, Ltd. 

Pelloux, R. M. : "Mechanisms of Formation of Ductile Fatigue Stri- 

Pelloux, R. M. : ''Corrosion Fatigue Crack Propagation", Proc. of 
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VI * PROCESS METALLURGY AND HIGH-TEMPERATURE CHEMISTRY 

( A l l  personnel from Department o f  Metallurgy and Materials Science) 

Faculty:  
J. F. E l l i o t t ,  P ro fes so r  
T. B. King, P ro fes so r  
B. H. Rosof, A s s i s t a n t  Professor  

Research S t a f f :  
J. Chipman, P ro fes so r  Emeritus 
T. Engh, Research Fellow 
H. Wada, DSR Research S ta f f  
T. Wada, DSR Research S t a f f  
T. Yasuda, V i s i t i n g  S c i e n t i s t  
J. Dilewijns ,  V i s i t i n g  Scholar 

Graduate Students :  
D. Baty, Research Ass i s t an t  
C.  Douglas, Research Ass i s t an t  
H.  Fine,  Research A s s i s t a n t  
C. Finn, Research A s s i s t a n t  
M. Ikeda, Graduate Fellow 
M. Maulvault, Research Ass i s t an t  
H.  P ie le t ,  Research A s s i s t a n t  
G. Sigworth, Graduate F e l l o w  
P. Tichauer,  Research A s s i s t a n t  
A. Washburn, Graduate Fellow 

J. Wright, Research A s s i s t a n t  
J. Yavqrsky, Research Ass i s t an t  

Support S t a f f  : 
E. N .  Bradbury, Technician 
S .  M. Grenier ,  Secretary 
D. R. Mountain, Secretary 
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Personnel  who have l e f t :  
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A. 

T. 

F. 
J. 

M. 

J. 

H. 

B r i s k i n e  (Returned t o  P a r i s ,  France)  
Kuwabara (Returned t o  F u j i  I r o n  & S t e e l ,  L td . ,  Japan)  
Larche' (Transfered  t o  P h y s i c a l  Meta l lurgy  , P r o f .  Cahn) 
Nichols  ( L e f t  because of ill h e a l t h )  

On i l lon  (Returned t o  IRSID, Metz,  France)  
Popper (Now a t  S loan  School  of Management, M.I.T.)  

Sakao (Returned t o  Nagoya Un ive r s i ty  , Japan)  

Degrees Granted: 
A. B r i s k i n e ,  M.S., Chemical Meta l lurgy ,  August 1969 
T. Kuwabara, M.S., Chemical Meta l lurgy ,  June  1969 
J. Popper ,  M.S., Chemical Meta l lurgy ,  August 1969 

Sponsorship:  
American I r o n  & S t e e l  I n s t i t u t e ,  Con t rac t  Numbers 39-194, 

39-195, 30-218, 30-219; DSR 71115-6-7-8, 71120 
American I r o n  & S t e e l  I n s t i t u t e ,  Con t rac t  68-164, DSR 70542 
American I r o n  & S t e e l  I n s t i t u t e ,  Con t rac t  1 4 6 ,  DSR 70544 
American Metal Climax Foundat ion Fe l lowship  

Union Carb ide  Corp., Carbon Products Div i s ion ,  DSR 71299 
Copperweld S t e e l  Company, DSR 71969 
F u j i  I r o n  & S t e e l  C o . ,  L t d . ,  Japan: Fe l lowship  
H i t a c h i  Research Ltd .  
United S t a t e s  Army, DAHC 04-67-C-0036, DSR 70368 

Research Reports  : 

1.0  Physico-Chemical P r o p e r t i e s  o f  S u l f i d e s  

Sponsorship:  American I r o n  and S t e e l  I n s t i t u t e ,  and H i t a c h i  
Research , L t d .  

Cur ren t ly  equipment i s  be ing  se t  up t o  measure s u r f a c e  
and i n t e r f a c i a l  t e n s i o n s  i n  t h e  Fe-0-S and Fe-Mn-S systems. 
The exper imenta l  t echniques  w i l l  be  t h e  max imum bubble  drop  
method, g r a i n  boundary grooving and a mod i f i ca t ion  o f  t h e  
du Nuoy method. M r .  Yasuda and M r .  Douglas are making pre-  
l i m i n a r y  measurements on t h e  Pb-Zn system e a r l y  i n  1970. 
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2.0 Problems in Heat and Mass Transfer 

Sponsorship: American Iron and Steel Institute; Carbon Products 
Division, UCC and Fuji Iron and Steel Co., Ltd., Japan 

This year Dr. Engh has devoted his time to an intensive 
analysis of the role that slag may play as a heat transfer 
medium in steelmaking systems. He has been measuring the 
"effective" thermal conductivity of several typical slags 
between 1200 and 155OOC. Mr. Fine is continuing this type of 
measurement but with much refined equipment. 

Mr. Yavorsky is now obtaining measurements of temperatures 
in the electrodes of large commercial electric steel furnaces. 
He is using these measurements to test the validity of the 
mathematical model that he has developed to describe the tem- 
peratures and heat flow in the electrodes. 

Measurements of the temperatures in the electrode, slag 
and ingot of an experimental electroslag remelting system are 
how proceeding satisfactorily. Mr. Maulvault has solved a 
number of experimental difficulties this winter and he now is 
ready to apply his experimental results to the evaluation of 
the physical parameters of importance to heat flow in the system 

heat flow on the manner in which a solid dendrite grows into the 
liquid during the process of solidification. 

Mr. Ikeda is exploring the effects of the conditions of 

Mr. Sigworth is proceeding with the development of an 
electrochemical method for determining the rate at which oxygen 
and a deoxidizing element combine in liquid steel. 

In his study of convective motion of the interdendritic 
liquid in a partially solidified liquid, Mr. Pielet has com- 
pleted his work on the A1-4% Cu alloy and is now working with 
alloys in the Fe-Ni system. 
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3.0 Thermodynamic P r o p e r t i e s  o f  Alloys 

Sponsorship: American I r o n  and Steel I n s t i t u t e ,  Army Research 
Of f i ce  - Durham 

Doctor 's  T. and H. Wada are determining the thermodynamic 
p r o p e r t i e s  of  carbon i n  a l loyed  aus ten i te .  I t  is  hoped t h a t  
t h e  systems Fe-Ni-C, Fe-Mn-C and Fe-Si-C can be completed t h i s  
yea r .  

D r .  Dilewijns i s  cont inuing t h e  determinat ion of t h e  
a c t i v i t y  of s i l i c o n  i n  var ious s i l i c o n  bear ing phases t h a t  w a s  
begun by P ro fes so r  Sakao las t  yea r .  With a somewhat modified 
experimental  method, he has checked t h e  earlier r e s u l t s  on Fe-Si 
a l l o y s  and now is  measuring t h e  f r e e  energy of formation of 
s i l i c o n  carbide.  

4.0 S t r u c t u r e  of Liquid Complex Oxides 

Sponsorship: American I r o n  and S t e e l  I n s t i t u t e  

M r .  C. Finn has made f u r t h e r  progress  i n  h i s  s tudy of t h e  
s t r u c t u r e  of phosphate m e l t s  con ta in ing  up t o  15  mol/% S i 0 2 .  

It  has been d e f i n i t e l y  confirmed t h a t  s i l i c o n  e n t e r s  phosphate 
chains p r e s e n t  i n  t h e  molten s i l ico-phosphate  a t  t h e  c e n t e r  and 
t h i s  process cont inues u n t i l  a l l  phosphate chains  have been 
severed by t h e  incorporat ion of  s i l i c o n .  The experimental  
method used cannot shed any l i g h t  on t h e  incorporat ion of fur-  
t h e r  s i l i ca  i n t o  t h e  phosphate m e l t .  The work is cont inuing 
with a s tudy of  t h e  e f f e c t  of  alumina on t h e  d i s t r i b u t i o n  of  
polymolecules i n  s i l ico-phosphate  m e l t s .  

5.0 Electrochemical Processes  i n  Steelmakinq 

Sponsorship: American I r o n  and Steel I n s t i t u t e  

M r .  P. Tichauer has  constructed apparatus  f o r  applying 
the g a l v a n o s t a t i c  method t o  t h e  s tudy of e l e c t r o d e  r e a c t i o n  
k i n e t i c s  i n  high temperature m e l t s .  The work so f a r  has demon- 
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s t r a t e d  t h a t ,  i n  high temperature systems, t r a n s i t i o n  t i m e s  
become very long p a r t i c u l a r l y  where l i q u i d  e l ec t rodes  are used. 
The i n t e r p r e t a t i o n  of r e s u l t s  i s ,  t h e r e f o r e ,  complicated by 
convection i n  t h e  m e l t .  S tud ie s  have been made with s o l i d  
e l e c t r o d e s  i n  both oxide and h a l i d e  m e l t s  and f u r t h e r  a t t empt s  
w i l l  be  made t o  use a l i q u i d  e l ec t rode .  I t  is hoped even tua l ly  
t o  s tudy t h e  r e a c t i o n s  involving t h e  charging and d i s c h  
of sulphur  a t  a l i q u i d  e l e c t r o d e  which is contaminated by d i s -  
solved oxygen. These measurements are of i n t e r e s t  i n  e l e c t r o -  
slag remelt ing processes.  

6 .O Deoxidation Reactions i n  Steels 

Sponsorship: American I ron  and S t e e l  I n s t i t u t e  and Copperweld 
Steel Corporation 

M r .  Baty has begun a s tudy of t h e  in f luence  of t h e  
process  of s o l i d i f i c a t i o n  on t h e  morphology of t h e  oxides of 
i r o n  and aluminum i n  Fe-0-A1 a l l o y s .  H i s  i n i t i a l  experiments 
are with l e v i t a t e d  m e l t s  of  t h e  a l l o y s  t o  avoid i n t e r f e r e n c e  
from c r u c i b l e  m a t e r i a l s .  This work is supervised j o i n t l y  by 
P ro fes so r s  Flemings and E l l i o t t .  

and deoxidat ion products and gas generat ion i n  commercial 
steels is being s t u d i e d  by M r .  Wright. 

The r e l a t i o n s h i p s  between t h e  process of segregat ion 
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Pub l i ca t ions :  

A. Ghosh and T. B. King, " K i n e t i c s  o f  Oxygen Evolu t ion  a t  a 
Pla t inum Anode i n  Li thium S i l i c a t e  Melts", Trans. ,  
TMS-AIME, V o l .  245, January  1969. 

T. B*. 

F. E. 

King, " K i n e t i c s  of Desulphur iza t ion  o f  C a s t  Iron by S lags"  

RECEYT RESEARCH ON CAST IRON, ed. H. D. Merchant, Gordon 
and Breach, Sc ience  P u b l i s h e r s ,  Inc. ,  1968, p. 617. 

Woolley and J. F. E l l i o t t ,  "Mathematical Models of  a 
T r a n s i e n t  Thermal System", TMS-AIME V o l .  245, pp. 1765- 

1773, 1969. 

S. Ban-ya, J. F. E l l i o t t  and J. Chipman, " A c t i v i t y  of  Carbon i n  

Fe-C Al loys  a t  115OoC", Trans. ,  TMS-AIME, 1969, Vol. 245, 

pp. 1199-1206.  

H. 6. Hadrys, M. G. Frohberg and J. F. E l l i o t t ,  "Act iv i t ies  i n  
t h e  L iqu id  Fe-Cr-C (sat)  , Fe-P-C (sat)  and Fe-Cr-P Systems 

a t  1600°C", Submit ted t o  T r a n s . ,  TMS-AIME. 

J. F. E l l i o t t  and J. Yavorsky, "Heat Flow i n  an A r c  Furnace 

Electrode--A Computer S;udy" , 73rd Cas t ing  Congress, 

Submit ted t o  T r a n s . ,  American Foundrymen's Soc ie ty .  

S .  Ban-ya, J. F. E l l i o t t  and J. Chipman, "Thermodynamics of  

A u s t e n i t i c  Fe-C Al loys" ,  Submit ted t o  Trans . ,  AIME. 

G. Forward and J. F. E l l i o t t ,  "Formation of S i l i c a  and S i l i c a t e s  
During t h e  S o l i d i f i c a t i o n  o f  Fe-Si-0 Al loys" ,  Submit ted t o  

Trans . ,  AIME. 

S .  Ban-ya and J. 'Chipman, " S u l f u r  i n  Liquid  I ron  Al loys  11: 

E f f e c t s  o f  A l loy ing  Elements", Trans . ,  TMS-AIME, V o l .  245, 

pp. 133-143, January  1969. 

S .  Ban-ya and J. Chipman, "Su l fu r  i.n Liquid  I r o n  Al loys  111: 

Multicomponent Systems", Trans . ,  TMS-AIME, V o l .  245, 

pp. 39 1- 39 6,  February 1 9  69. 



186 

VII. SURFACE CHEMISTRY 

( A l l  Personnel f rom Department of Metallurgy and Materials Science) 

Faculty: 

P. L. deBruyn, Professor  

Research Staff: 
F. Z. Saleeb, Research Associate 

Graduate Students: 
J. Drummond, Graduate Student 
H. Hassan, Research Assistant 
J. S. Hoch, Graduate Student 
B. D. McLaughlin, NSF Trainee 
J. W. Morr is ,  NSF Trainee 
M. Reverdy, Research Assistant 
G. Sheldon, Research Assistant 

Support Staff: 
Pa t r ic ia  E. Gavagan, Secretary 

Personnel who have left: 
J. S. Hoch 
B. D. McLaughlin 
J. W. Mor r i s  
M. Reverdy 

Degrees Granted 
J. S. Hoch, SM, Metallurgy, June 1969 
B. D. McLaughlin, Ph. D, Metallurgy, September, 1969 
J. W. Morr i s ,  Ph. D, Metallurgy, February 1969 
M. Reverdy, SM, Metallurgy, September 1969 

Sponsors hip: 
Department of Health, Education, and Welfare, P. H. S. IROI DEO2769-01 
DEN 
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Research Report 

1.0 Influence of the 
the Nature and Behavior of Solid-Fluid Interfaces 

Personnel: P. L. deBruyn; J. S. Hoch 

Sponsorship: None 

The study of the interface NiO(s) /aqueous solution and Ni(0H) 2/aqueous 
solution has been continued with an attempt to understand the kinetics of the 
establishment of the electrical double layer. 
of the interface between lead dioxide and aqueous electrolyte solutions. 
two experimental techniques used were adsorption measurements of potential- 
determining ions (H , OH-) and a. c. surface impedance measurements. 
Quantitative comparison of the values of the capacitance obtained from the 
two methods was limited to  the order of magnitude agreement because of 
uncertainty in surface a rea  of lead dioxide precipitate and surface rough- 
ness of the PbOZ electrodes in the a. c. measurements. 

A brief study was also made 
The 

+ 

2.0  Kinetics and Mechanism of Hydroxyapatite Dissolution 

Personnel: P. L. deBruyn, H. Hassan, M. Reverdy. F . A .  Saleeb, G. 

Sponsorship: Department of Health, Education, and Welfare, P. H. S. 
Sheldon 

The growth, dissolution and transport properties of hydroxyapatite 
At present, 

, Ca", F- in 
c (Gal o(OH)2(P04) 6] and related materials wi l l  be studied. 
attempts a re  being made to  measure the diffusion of Sr 
single crystals of hydroxy and chlorapatite. 
crystallization behavior of compacted powders at various temperatures and 
atmospheres is being initiated. In addition, materials a re  being prepared 
to  determine the surface behavior of fine apatite particles in aqueous solu- 
tions by means of electrophoretic measurements. 

++ 
A study of the sintering and 

Theses: 
J. S .  Roch. "Kinetics of Adsorption on Nickel Oxide Surfaces in Aqueous 

J .  W. Morris ,  Jr., "On the Continum Thermomechanics of Two-Phase 
Solution, June 1969. 

Interfaces. I '  February 1969. 
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B. D. McLaughlin, "The Dynamics and Thermodynamics of Solid-Fluid- 
Fluid Three-phase Contact, I '  September 1969. 

M .  R. Reverdy, "High Temperature Study of Hydroxyapatite, 
1969. 

September 

Publications : 
E D. McLaughlin and P. L. deBruyn, "The Dynamics and Thermodynamics 

of Solid-Fluid-Fluid Three-phase Contact, J. Colloid and 
Interface Science, Vol. 30, No. 1, May 1969. 
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VIII. METALS PROCESSING - CASTING AND SOLIDIFICATION 

( A l l  personnel f r o m  Department of Metallurgy and Mater ia ls  Science) 

Faculty: 
M. C. Flemings,  Professor  

Research Staff: 
T. Z .  Kattamis,  Research Associate 
R. Mehrabian, Research Associate 
S. N. Singh, Research  Associate 
E. H. Backman, Foreman 
W. A. Brown, DSR Research  Staff 
R. G. Riek, Technical Instructor 

Graduate Students : 
D. Apelian, Teaching Assistant 
M. Basaran,  Graduate Student 
D. L. Baty, Research  Assistant 
L. K. Bigelow, Research Assistant 
W. E. Brower,  Research Assistant 
A.  J. Campagna, Research  Assistant 
D. S. Gnanamuthu, Research Assistant 
M. A.  Keane, Teaching Assistant 
S. A.  Metz, Research  Assistant 
M. Myers,  Research  Assistant 
E. S. Pa lmer ,  Teaching Assistant 
M .  D. Rinaldi, Teaching Assistant 
A .  M. Reti, Research  Assistant 
F. M. Schlecht, Graduate Student 
D. R. Spencer, Research  Assistant 
J. C. Yarwood, Research Assistant 

Support Staff: 
R. A. Berry,  Technician 
A .  J. Zona, Engineering Assistant 
A.  B a r b a r a  Rich, Secre ta ry  



Degrees Granted: 

R. &hrabian, Sc.D., Metallurgy, February 1969 ( to  RePearch Staff, MIT) 
J. c. Yarwood, Sc.D., Metallurgy, February 1969 (to Olin Mathewson Corp. ) 
w. E. Brower, Sc.D., Metallurgy, June, 1969 ( t o  Montsanto Chemical Corp. ) 

Sponsorship: 

Amy Materials Research Agency, DAAG-46-684-0043, DSR 70811 

Amy Materials Research Agency, DAAG-46-68-C-0044, DSR 70812 

Army Material Command, DAAG-25-69-6-0489, DSR 71454 

Office of Naval Research, NONR-3963(09), DSR 79988 

American Foundrymen's Society, DSR 70438 

Advanced Research Pro jec ts  Agency, DSR 78893 

American I ron  and Steel I n s t i t u t e ,  DSR 76379 

American Iron and S tee l  I n s t i t u t e ,  DSR 71119 

Research Report: 

Research is primarily concerned with l iqu id-so l id  transformations; 

a c e n t r a l  aim of t h e  research is t o  gain g rea t e r  cont ro l  over s t r u c t u r e  

and proper t ies  of mater ia l s  through cont ro l  of so l id i f i ca t ion .  Work is  

cur ren t ly  under way i n  t h e  following areas: 

1.0 Crystal  Growth (ARPA) 

Continuing progress has been made i n  establishment of t h e  Metal 

Crystal  Growth F a c i l i t y  a s  pa r t  of the  Center f o r  Materials Science and 

Engineering. This f a c i l i t y  i s  described separately.  Research on c r y s t a l  

growth has included continuation of study of growth of "composite" c rys t a l s  

and study of c r y s t a l s  grown under conditions of extremely vigorous f l u i d  

flow. 

2.0 Effec t  of F lu id  Flow on Structure;  Composite Mater ia l s  (ONR) 

Research has recent ly  been completed on e f f e c t s  of convection on 

per fec t ion  of d i r ec t iona l ly  s o l i d i f i e d  e u t e c t i c  alloys.  

work is on s o l i d i f i c a t i o n ,  with a "composite" eu tec t ic - l ike  s t ruc tu re ,  of 

aluminum a l loys  t h a t  are f a r  from eu tec t i c  composition. 

aluminum-copper a'lloys and on ternary aluminum-copper-nickel a l loys .  

Current r e l a t ed  

Work is on binary 

Other work on convection includes a study of e f f e c t  of extremely 

vigorous convection on s o l i d i f i c a t i o n  s t ruc ture .  

designed and constructed t o  achieve ve loc i ty  grad ien ts  at a so l id i fy ing  

l iquid-solid i n t e r f a c e  t h e  order of 10 f sec .  

Apparatus has been 

5 These gradien ts  a r e  f a r  
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i n  excess of those obtained i n  any previous s o l i d i f i c a t i o n  study. Expe- 

riments show s i g n i f i c a n t  influences of t he  flow on s t ruc tu re .  

3.0 Macrosegregation (AISI, ONR) 

This research comprises ana ly t i ca l  and experimental study of macro- 

segregation i n  ingot  s o l i d i f i c a t i o n .  

most, i f  not a l l ,  commercially important types of macrosegregation i n  

cas t ings  and ingots  r e s u l t  from a s i n g l e  bas i c  cause. That cause is flow 

of solute-rich l i qu id  between dendr i tes  i n  the  l iquid-solid region of 

t he  p a r t i a l l y  s o l i d i f i e d  cas t ing  o r  ingot. 

are s o l i d i f i c a t i o n  contraction, thermal contractions of l i q u i d  and so l id ,  

and g rav i ty  ac t ing  on f l u i d  of va r i ab le  density. 

Results of t h i s  program show t h a t  

Driving forces  f o r  t he  flow 

4.0 Inclusions (Army, AISI) 

Several  r e l a t e d  a c t i v i t i e s  are under way, designed t o  study the  

formation and growth of non-metallic inc lus ions  i n  metal m e l t s  ( espec ia l ly  

i n  s t e e l ) .  

of te rnary  i r o n  base a l loys  including Fe-S-0, Fe-Si-0, Fe-Mn-S, and low 

a l l o y  steel. Inclusion "pushing", coalescence, and ripening a r e  being 

studied. Ef fec ts  are being examined of high temperature homogenization 

treatments on morphology of inc lus ions  i n  cas t  steel. 

i s  influence of inc lus ion  morphology and chemistry on mechanical properties.  

Inclusion nucleation and growth is  being s tudied  i n  a number 

Also being s tudied  

5.0 Ultra-High Strength Aluminum Alloys (Army) 

Influence of s o l i d i f i c a t i o n  he te rogenei t ies  on proper t ies  of wrought 

aluminum a l loys  

by ca re fu l  cont ro l  of s o l i d i f i c a t i o n  and thermo-mechanical processing 

s i g n i f i c a n t  improvements i n  proper t ies  of wrought aluminum a l loys  can be 

obtained. Duc t i l i t y  of ex i s t ing  a l loys ,  espec ia l ly  i n  t h e  transverse 

d i r ec t ions ,  i s  increased seve ra l  fold. Fracture behavior of t he  aluminum 

a l loys  is  s tudied  with the  scanning e l ec t ron  microscope and r e l a t ed  t o  

s o l i d i f i c a t i o n  and subsequent processing. 

is being s tudied  i n  t h i s  program. It has been shown t h a t  

6.0 Hot Tearing (American Foundrymen's Society) 

Work is  being conducted on inf luence  of s o l i d i f i c a t i o n  var iab les  on 

"hot tearing" (tendency of a l loys  t o  rupture during s o l i d i f i c a t i o n ) .  

Experimental apparatus has been designed and is  i n  use t o  s t r a i n  p a r t i a l l y  

s o l i d  a l loy  cas t ings  a t  known rates and temperatures. 
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7.0 Heat Flow i n  Alloy S o l i d i f i c a t i o n  (Army) 

A s tudy is  being made of hea t  flow i n  s o l i d i f i c a t i o n  of a l loys  t h a t  

s o l i d i f y  over  a wide temperature range. 

nmmrica l  ana lys i s  procedures for  so lu t ion ,  and experimental. Aim is t o  

optimize l o c a l  cool ing rate at cri t ical  temperatures during ingot  s o l i d i f i -  

ca t ion  so as t o  minimize l o c a l  dendr i te  ann spacing. 

Study is  both theo re t i ca l ,  us ing 

8.0 Metal F i l t r a t i o n  (Army) 

Small, s o l i d  impuri ty  p a r t i c l e s  are known, o r  thought, t o  b e  present  

Estimates range i n  many metallic a l loys ,  even those of very high pur i ty .  

as high as lo7 p a r t i c l e s  pe r  cubic  centimeter. I n  t h i s  work, f i n e  filters 

a r e  employed t o  remove a s  many of these  p a r t i c l e s  as poss ib le  (from molten 

aluminum a l loys) .  S o l i d i f i c a t i o n  behavior, s t r u c t u r e ,  and proper t ies  of 

t he  f i l t e r e d  material are studied.  

Theses : 

R. Mehrabian, "Macrosegregation", Sc.D. Thesis 

J. C. Yarwood, "Inclusion Formation i n  t h e  System Fe-FeO-FeS", Sc.D. Thesis 

W. E. Brower, "Sol idif icat ion-Structure-Fracture  Relat ions i n  Inc lus ion  

Bearing Iron", Ph.D, Thesis 

Publ icat ions:  

M. C. Flemings, R. Mehrabian, G. E. Nereo, '%lacrosegregation, Pa r t  II", 
Trans. Met. SOC. AIME, 242, pp. 41-49, 1968. 

M. C. Flemings, G. E. Nereo, "Macrosegregation, P a r t  III", Trans. M e t .  SOC. 

AIME, 242, pp. 50-55, 1968. 

M. C. Flemings, "Direct ional  S o l i d i f i c a t i o n  and Composite Structures" ,  

Surfaces  and In t e r f ace  11, Ed. J. Burke e t  a l ,  Syracuse Universi ty  

P res s ,  pp. 313-352, 1968. 

M. C. Flemings, "Application of S o l i d i f i c a t i o n  Theory t o  Large Castings 

and Ingots", The S o l i d i f i c a t i o n  of Metals, J.I.S.I., Publ ica t ion  110, 

pp. 277-288, 1968. 

M. 6. Flemings, "Casting Metals", Science and Technology, pp. 13-24, 

December, 1968. 

S. N. Singh, M. C. Flemings, "Influence of Ingot  S t ruc tu re  and Processing 

on Mechanical Proper t ies  and Frac ture  of a High Strength Wrought 

Aluminum Alloy'; Trans. Met. SOC. AIME, 245, pp. 1811-1819, 1969. 
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Accepted f o r  Publ icat ion:  

M. C. Flemings, D. R. P o i r i e r ,  R. V. Barone, H. D. Brody, '*Microsegregation 

i n  I ron  Base Alloys", J. I ron  and S t e e l  I n s t i t u t e .  

T. F. Bower, S. N. Singh, M. C. Flemings, "Development of  High Strength 

Wrought Aluminum-Base Alloys", Trans. M e t .  SOC. AIME. 

R. Mehrabian, M. C. Flemings, "Laboratory Simulation of t h e  Negative Cone 

of Segregation", Trans. M e t .  SOC. AIME 

R. Mehrabian, M. C. Flemings , '%lacrosegregation i n  Ternary Alloys", Trans. 

Met. SOC. AIME. 

S. A. Metz, M. C. Flemings, "Hot Tearing i n  Cast Metals", Trans. A.F.S. 
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IX. CORROSION LABORATORY 

Faculty : 
H. H. Uhlig, Professor, Metallurgy and Materials Science 

Research Staff: 
(Mrs.) Sultana Stancu-Ciolac, Guest o f  the Institute, Metallurgy and 

Materials Science 

Graduate Students: 
H. H. Lee, Research Assistant, Metallurgy and Materials Science 
T. M. Murphy, Research Assistant, Metallurgy and Materials Science 
R. T. Newberg, Research Assistant, Metallurgy and Materials Science 
R. W. Revie, Research Assistant, Metallurgy and Materials Science 
A. V. Swanson, National Steel Corp. Fellow, Metallurgy and Materials Science 

Support Staff: 
Constance C. Lowery, Secretary, Metallurgy and Materials Science 

Personnel who have left: 
T. M. Murphy, Research Assistant, Metallurgy and Materials Science 

(Now at Sikorslcy Aircraft) 

Degrees Granted: 
T. M. Murphy, S.M., Metallurgy and Materials Science, August 1969 

Sponsorship: 
Amy Research Office-Durham, DA-31-124-ARO(D)-47, DSR 79341 
Office of Saline Water, Grant 14-01-0001-1133, DSR 71507 
Shell Companies Foundation, DSR 70816 
American Iron and Steel Institute, DSR 70436 
Inland %eel Fellowship, DSR 71140 
National Steel Fellowship, BA 21930 
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Research Eeport 

1.0 Pitting Corrosion (OSW) 

Measurements and interpretation of critical potentials below which 
corrosion pitting of copper-nickel alloys does not occur. 
environmental and metallurgical factors. 

Effect of 

2.0 Stress Corrosion Cracking (AROD) 

Critical experiments to differentiate between various proposed 
mechanisms. Measurement and interpretation o f  critical potentials below 
which cracking does not occur. 
factors on critical potentials and cracking susceptibilities mostly of 
carbon and stainless steels. 

Effect of environmental and metallurgical 

3.0 Hydrogen Cracking (AROD) 

Effect of cold work and composition on susceptibility of alloy 
steels. 

4.0 Corrosion Fatigue (AISI, Inland Steel) 

Effect of stress, heat treatment, chloride ion concentration, 
dissolved oxygen, pH and applied potential on corrosion fatigue of lowand 
high-strength steel. Measurement of the critical corrosion rate below 
which the environment is no longer a factor. 

5.0 Passivity (Shell) 

Effect of alloyed electron donors (non-transition elements) and of 
electron acceptors (transition metals) on critical composition for 
passivity of Cu-Ni alloys as measured potentiostatically in sulfuric 
acid. Structure of the passive film. 

6.0 Thin Film Oxidation Kinetics (National Steel) 

Oxidation rates of various faces of single crystal copper follow 
two-stage logarithmic kinetics. Gaseous pretreatment in nitrogen or 
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hydrogen has a large effect on oxidation rates. 
in terms of oxide space charge, work functions, and surface faceting. 

The results are interpreted 

Theses : 

T. M. Murphy, "Effect of Heat Treatment on Stress Corrosion Cracking of 
4140 Steel," S.M., Department of Metallurgy and Materials Science, 
August 1969. 

Publications: 

H. H. Uhlig, "An Evaluation of Stress Corrosion Cracking Mechanisms," 
Proc. of "Fundamental Aspects of Stress Corrosion Cracking," 
Ohio State University, S-eptember (1968). 

H. 8. Uhlig and E. W. Cook, Jr., "Mechanism of Inhibiting Stress Corrosion 
Cracking of 18-8 Stainless Steel in MgCIZ by Acetates and Nitrates," 
J. Electrochem. SOC. 116, 173-177 (1969). 

H. H. Uhlig, "Reply to 'Uhlig Model of Logarithmic Oxidation' by B. 
Chattopadhyay and J. Measor," Scripta Metallurgica 3, 75-76 (1969). 

H. H. Uhlig, "Answer to 'The Uhlig Defect Model of Oxidation Kinetics' 
by A. T. Fromhold, Jr." J. Electrochem. SOC. 116, 455-457 (1969). 

H. Bdhni and H. H. Uhlig, "Effect of Alloyed Re on the Critical Pitting 
Potentials of la% Cr-lO% Ni Stainless Steels," Corrosion Science 9, 
353-355 (1969). 

H. B&ni and H. H. Uhlig, "Environmental Factors Affecting the Critical 
Pitting Potential of Aluminum," J. Electrochem. SOC. 116, 906-910 
(1969). 

F. Mansfeld and N. H. Uhlig, "Effect of d-Band Structure on Secondary Pass- 
ivity in Ni-Cu Alloys, '' Corrosion Science 2, 377-384 (1969). 

B. Uhlig and D. Duquette, "Alleged Stress-Corrosion Cracking of Pure Cu," 
Corrosion Science 9, 557-560 (1969). 
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Research Report 

1.0 Semiconductor Surfaces 

Personnel: H. C. Gatos. A. I?. W i t t ;  C. L. Balestra,  T. I&Valahas ,  

J. M. Harris, S. Spi tzer  

Sponsorship: Office of Naval Research and Advanced Research Pro jec ts  

Agency 

The work on gallium arsenide  f i e l d  e f f e c t  measurements has shown 

that the f i e l d  induced disturbance of t he  equilibrium between the  sur face  

states and the  bulk is rees tab l i shed  by thermal exc i ta t ion  of majority 

carriers over the  sur face  po ten t i a l  ba r r i e r .  The dependence of the  

cha rac t e r i s t i c  time constant upon temperature enables evaluation 

of the  ac t iva t ion  energy of the  process. Under i l lumination the  

minority carriers become extremely important i n  the sur face  con- 

ductance; and the process becomes e s sen t i a l ly  independent of temperature. 

The f i e l d  e f f e c t  and o ther  electrical measurements on high 

energy gap semiconductors have been continued. 

measurements on mechanically polished cadmium s u l f i d e  w e r e  made over 

a range of temperatures from 77'K to  300°K. 

obtained. 

the  inves t iga t ions .  

high vacuum has been designed and constructed. 

in-conjunction w i t h  contac t  po ten t i a l  measurements employing the  

v ibra t ing  e lec t rode  technique. 

have been ca r r i ed  out on p- and on n-type high conductivity s i l i c o n  

carbide a t  77OK and 300°K. 

w a s  found a t  room temperature. 

a t  higher temperatures on samples of lesser c a r r i e r  concentration. 

Pulsed f i e l d  e f f e c t  

No de tec tab le  s igna l  w a s  

It became apparent t h a t  "clean" surfaces w e r e  needed f o r  

Accordingly a device fo r  cleaving under u l t r a -  

It can be  employed 

Preliminary f i e l d  e f f e c t  measurements 

A weak decay of t he  order of 50 microseconds 

Similar experiments w i l l  be  conducted 

Regarding the  e lec t ronic  configuration of InSb surfaces des- 

cribed i n  previous r epor t s  it is of interest t o  note that recent  publi- 

ca t ions  from other research groups have confirmed our o r ig ina l  conclusion 

that the sur face  states which w e r e  considered i n  our work are i n t r i n s i c  

ra ther  than ext r ins ic . .  

I n  the course of studying the  e p i t a x i a l  growth of s i l i c o n  

carbide it became necessary t o  develop a r e l i a b l e  and simple technique 

f o r  ident i fy ing  the (0001) and the (OOO?) sur face  of hexagonal 

s i l i c o n  carbide. 

which at approximately 100°C d i f f e r e n t i a t e s  reproducibly between 
A n  alkaline so lu t ion  of K3Fe(CN)6 has been developed 
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the  two surfaces. 

the in t ens i ty  of which depends on the length of the etching. 
contrast  the carbon surface remains e s sen t i a l ly  unattacked. 

garding the high temperature surface behavior of s i l i con  carbide it 

w a s  found that the etchingrate of the alpha (hexagonal) modification 
i n  hydrogen a t  temperatures above 155Ooc depends on the susceptor 

material on which the inductively heated s i l i c o n  carbide rests. 
Molybdenum exhibited the most pronounced e f f ec t  increasing the 

etching rate by about one order of magnitude over that of a l l  

other susceptors employed such as tungsten, niobium, tantalum 

and carbon. 
material w a s  involved i n  the etching process. 

The s i l i con  surface develops etching patterns,  

I n  
Re- 

It was concluded tha t  ca t a ly t i c  act ion of the susceptor 

2.0 Amorphous Semiconductor Materials 

Personnel: H. C. Gatos, A. F. W i t t ;  N. Platakis  

Sponsorship: National Aeronautics and Space Administration 

A method has been developed f o r  the preparation of vi t reous 

materials which essent ia l ly  overcomes some of the main problems 
associated with the characterization and study of such materials. 
These problems are chemical homogeneity, porosity and lack of 

well-defined geometrical shapes. The s a l i e n t  s teps  of the new method 

are as follows: 
i n  the desired proportions in a quartz ampule which is evacuated 

and sealed o f f .  Then the ampule is f i t t e d  to  a horizontal  shaft 

of a motor. The shaft-ampule arrangement can be placed i n  and out  
of a horizontal  furnace while the ampule i s  being rotated a t  about 

25 rpm. 
from the furnace and 

in air  o r  other media. 
extremely homogeneous, exhibi t  higher strength than i f  prepared by 

other methods and are su i t ab le  for  electrical and op t i ca l  characteri- 
zation. 

As2Se3-Sb2Se3. 
t o  be excellent. 

the  consti tuents of the vitreous system are placed 

After the material is  molten the ampule is withdrawn 
while s t i l l  under ro t a t ion  is quenched e i the r  

The result ing hollow cylinders are (chemically) 

The method has been extensively applied on the system 

The overal l  reproducibil i ty of the method was found 

The g h s s  formation region of the system As2Se3-Sb2Se3 and 
the r i t reous-crystal l ine transformation were investigated i n  some 

de ta i l .  
the c rys t a l l i ne  state were studied as a function of composition. 

For a given composition the act ivat ion energy of the vitreous state 

Electrical and op t i ca l  properties of both the vitreous and 
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w a s  greater  than i n  the c rys t a l l i ne  state by 0.2 t o  0.4 eV. 

act ivat ion energies ranged from 1.85 fo r  pure As2Se3 to  1.2 eV f o r  

pure Sb2Se3. 

obtained from infrared and electrical r e s i s t i v i t y  measurements. 

Work on t h i s  system is being continued. 

The 

An excellent agreement w a s  found between the values 

3.0 Semiconductor Thin Films 

Personnel: H. C. Gatos, A. F. W i t t ;  M. Lichtensteiger, I. Lagnado, 

A. V e j u x ,  B. Wessels, 3. M. Harris 

Sponsorship: Advanced Research Projects Agency and I.B.M. Fellowship 

Research on semiconductor t h in  fi lms is being pursued along 

three experimental approaches, sputtering, d i r ec t  evaporation and vapor 

transport. 
An RF-sputtering un i t  has been employed i n  a diode configuration 

for  the preparation of cadmium su l f ide  films up t o  5 microns thick 

on amorphous as w e l l  as on c rys t a l l i ne  substrates.  X-ray diffractometer 

tracings showed exclusively (000R)-peaks with R = 2, 4, 6 ... indicating 

a highly preferred basal plane or ientat ion pa ra l l e l  to the substrate.  

Electron d i f f r ac t ion  patterns indicate  e s sen t i a l ly  the same s t ruc tu ra l  

features as those obtained from single  c rys t a l  cadmium sulf ide.  It 

is s ignif icant  t o  point out that i n  connection with t h i s  work p-type 

conduction i n  (OOOL) oriented cadmium su l f ide  fi lms w a s  obtained by 

chemical means f o r  the f i r s t  time. 

of the argon atmosphere during sputtering. 

that the p nature of the prepared films was maintained from the l iquid 

nitrogen temperature t o  170OC. 
on n-type cadmium su l f ide  subs t r a t e  p-n junctions w e r e  achieved. 

Phosphane w a s  used i n  the presence 

DC Hall measurements showed 

By sputtering p-type cadmium su l f ide  

Cadmium su l f ide  fi lms w e r e  a l so  prepared by d i r e c t  evaporation 

on g las s  substrates.  

ranging from 20°C t o  400OC. 

here again tha t  preferred or ientat ion is obtained along the c-axis. 

A l iquid nitrogen cooled substrate  s tage has been designed aimed 

a t  condensing en t i r e ly  the vapor phase i n  the substrate  region, 

Composition analysis of the deposit should give the r a t i o  oE the  

vapor species fo r  various experimental conditions. 

the composition is expected t o  be obtained through r e f l ec to r s  

near the substrate  surface. 

sulf ide o r  other s imilar  compounds is a problem of fundamental 

importance. 

Deposition w a s  carr ied out a t  temperatures 

X-ray d i f f r ac t ion  techniques showed 

Control of 

Controlling the stoichiometry of cadmium 
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Si l icon  carbide f i lms  were prepared by vapor transport  

opploying s i l a n e  and propane i n  a hydrogen atmosphere, 

of the s i l i c o n  carbide f i lms  took place a t  temperatures ranging from 

1500-16OO0C. 
a model i n  which the  sur face  of t he  samples is i n  equilibrium with 

the  reac tan ts  d i f fus ing  through a boundary layer.  

progress is  inhib i ted  above 1650% by the  increasing thermal 

etching rate and the  amount of t he  reactants which can d i f fuse  t o  

the  sample surface.  
(alpha) s i l i c o n  carbide layers  grown on p-type alpha s i l i c o n  carbide 

subs t ra tes  i nd ica t e  tha t  t he  r e s i s t i v i t y  and Ba l l  mobility of the 

grown layers  were approximately 0.40 ohm-cm and 200 cm2/V-sec, respectively 

a t  77°K. 

The deposit ion 

The growth cha rac t e r i s t i c s  are bes t  described by 

The deposit ion 

E lec t r i ca l  charac te r iza t ion  of undoped hexagonal 

4.0 Superconductors 

Personnel: H. C. Gatos; J.T.A. Pollock, P. Be l l in  

Sponsorship: Advanced Research Pro jec ts  Agency, National Aeronautics 

and Space Administration 

The de ta i l ed  study of the superconducting proper t ies  of 

ternary Nb-Ti-V a l l o y s  has been completed; however, some unusual 

e f f e c t  of neutron i r r a d i a t i o n  on some of these a l loys  in  the  cold- 

ro l l ed  conditions w e r e  observed. 

i r r ad ia t ed  i n  a f a s t  neutron f lux  of 3.7 x 10’’ neutron per an2 i n  

the  swimming pool  reac tor  of Union Carbide Corporation’s S te r l ing  

Forest  Reactor. 

was  maintained below 70°C. 
Tc and c r i t i c a l  cur ren t  Jc, data were obtained a t  4.2%. 

and Jc were found t o  degrade as a r e s u l t  of i r r ad ia t ion .  

unexpected behavior has been a t t r i bu ted  t o  a “shorting” i n  the  f lux  

motion paths due t o  defec t  overlap. 

been found t o  explain some e a r l i e r  observations on cold-rolled 

a l loys  of re f rac tory  superconducting materials i n  other laboratories.  

On the  other hand, niobium n i t r i d e  samples i r r ad ia t ed  under s imi l a r  

conditions exhibited an improved cur ren t  carrying capacity.  

case it appears t h a t  neutron-induced defec ts  act as pinning centers  

for  fluxons. 

Several of these a l loys  were 

During i r r ad ia t ion  the temperature of t he  samples 

Superconducting t r a n s i t i o n  temperature, 

Both Tc 

This 

This type of the model has 

I n  t h i s  
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5.0 Semiconductor Growth and Characterization 

Personnel: H. C. Gatos, A. F. W i t t ;  M. Lichtensteiger, G. Galyon, 

J. Sandor, R. Singh and D. Miller 

Sponsorship: Advanced Research Projects Agency, National Science 

Foundation and General Telephone and Electronics Fellowship 

The Electronic Materials Group has continued its e f fo r t s  

towards the growth of s ing le  c rys t a l s  from the m e l t  and the vapor 

phase. 

semiconductor s ing le  c rys t a l s  by e l ec t r i ca l ,  chemical and op t i ca l  

techniques with regard t o  c rys t a l l i ne  perfection and impurity 
homogeneity. Significant progress has been made i n  achieving 

c rys t a l l i ne  films of cadmium- su l f ide  by sputtering, indium antimonide 

s ingle  c rys t a l s  of extreme homogeneity, germanium s ing le  c rys t a l s  

with controlled var ia t ions of impurity dis t r ibut ion and s ing le  

c rys t a l s  i n  the gallium antimonide-indium antimonide system. 
the r e s u l t s  on the character is t ics  of the various s ing le  c r y s t a l  

systems are outlined it should be noted that the Czochralski type 

pul ler  designed and constructed by 

Group has been refined to  the point where c rys t a l  growth parameters 

such as gradients i n  the solid-liquid interface can be controlled 

during the growth of both indium ant$monide and germanium crystals .  

A Pel t ier  e f f ec t  arrangement has been incorporated in to  the pul ler  

SO that the microscopic rate of growth can now be monitored during 

the e n t i r e  growth process. 

I n  addition, extensive e f f o r t  has been made t o  characterize 

Before 

the Electronics Materials 

Single c rys t a l s  of GaSb-InSb al loy have been grown by the 

Czochralski method and samples cu t  from the c rys t a l s  have been, and 

are being, characterized opt ical ly  and e l ec t r i ca l ly .  The maximum 

InSb content of the c rys t a l s  is about 20 w t .  percent. As t he  InSb 

content increases beyond 8 w t .  percent there is an increasingly 

severe problem with cracking. However, samples l a rge  enough fo r  

tes t ing may be cu t  from the uncracked regions which are primarily 

t o  be found i n  the core region, as opposed to  the off core region. 

Electrical measurements show that  the ionization potent ia l  of 

the acceptor sites ( a l l  c rys t a l s  grown w e r e  p-type) decreased with 

increasing InSb, from .024 eV for  GaSb t o  .010 eV a t  8 w t .  percent 

GaSb. From 8-20 w t .  percent InSb the ionization potent ia l  remains 

constant a t  .01 eV.  The value of the band gap as determined by 
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the  -11 measurements varies from .82 eV f o r  GaSb t o  .46 aV f o r  20 w t .  

percent InSb. 

now in  progress to  assess certain band s t r u c t u r e  aspects.  
The electrical characteristics of microheterogeneities are 

High temperature H a l l  measurements (up t o  600OC) are 

being studied i n  germanium s i n g l e  c rys ta l s ,  as a function of thermal 

asymsletry during growth. 
and t h e  etching technique previously developed f o r  revealing impurity 

he te rogenei t ies  i n  gallium-doped germanium, it is  poss ib le  to  relate 
e l e c t r i c a l  p roper t ies  d i r e c t l y  t o  the  microdistribution of impurit ies.  

W e  have successfully grown s ing le  c r y s t a l s  of constant diameter by 

the  Czochzalski method which include a t  least f i v e  regions of varying 

impurity homogeneity. The associated electrical property d i f fe rences  

are cur ren t ly  being exad'ined. P ro f i l e s  of H a l l  mobili ty measurements 
made from room temperature down t o  l i qu id  nitrogen temperature 

ind ica t e  that the  e f f e c t  of l a t t i c e  sca t t e r ing  on carrier mobili ty 

does not  vary from region t o  region, while ionized impurity sca t t e r ing  
does lead t o  mobili ty d i f fe rences  that increase with decreasing 

temperature. 

concentration the re  may be more than a 10% enhancement of c a r r i e r  

mobili ty i n  highly homogeneous uns t r ia ted  material as compared with 

s t r i a t e d  material. Furthermore, the core  material shows a s l i g h t  

increase  (4-5%) i n  mobili ty over the  off-core materials. Samples 
c u t  perpendicular t o  the  c r y s t a l  a x i s  fu r the r  reveal a 
decreased mobili ty (&lo%) as compared with samples c u t  p a r a l l e l  
t o  the  <%lD c r y s t a l  axis. This behavior is being explored fu r the r ,  

and being simultaneously compared d i r e c t l y  with evidence obtained 

by in te r fe rence  con t r a s t  microscopy from etched material immediately 
ad jacent  t o  the  samples used f o r  e l ecc r i ca l  measurement. I n  t h i s  

way a complete record w i l l  be obtained of the  configuration of 

impurity s t r i a t i o n s  within each c r y s t a l  characterized. 

Using in te r fe rence  con t r a s t  microscopy 

Preliminary r e s u l t s  ind ica te  tha t  f o r  a given impurity 

S ingle  c r y s t a l s  of G e  heavily doped w i t h  G a  were grown by 
the  Czochralski techniques i n  the  <111> direc t ion .  The impurity 

level was maintained i n  such a way t h a t  during gzowth the system 
w a s  on the  verge of i n s t a b i l i t y  due t o  cons t i t u t iona l  supercooling. 
Rotation rates from 15-70 rpm and pul l ing  rates from 1.5 cm/hr t o  

5 m / h r  were used. 

perturbations i n  the  growth in t e r f ace  i n  the  form of s inusoida l  
o s c i l l a t i o n s  could be revealed by etching. 
with these  o s c i l l a t i o n s  ranges from 30-60 

A t  moderate c r y s t a l  growth rates (i.e. 2.5-3.5 d h r )  

The wave length assoc ia ted  
i n  the  r a d i a l  d i r ec t ion  
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and considerably higher i n  the  circumferential  d i rec t ion .  

ve loc i ty  ranging from 5-15pfsec w a s  determined. 

i n t e r f ace  can be s t a b l e  under conditions t h a t  lead t o  i n s t a b i l i t y  i n  

the"off-core" region. The most c r i t i c a l  loca t ion  f o r  t he  i n i t i a t i o n  

of the  o s c i l l a t i o n s  at the  growth in t e r f ace  is the  region between the  

"core" and "off-core". 

t he  core  as waves. 

around the core p a r a l l e l  t o  the  growth d i r ec t ion  are seen as concentric 

r ings  around the  core. 

t o  t he  thermal f luc tua t ions ,  the f l u i d  flaw and associated mass and 

momentum boundary layers  are being theo re t i ca l ly  analyzed. 

(ET) surfaces of indium antimonide s ing le  c r y s t a l s  has been successfully 

measured using x-ray anomalous transmission. Integrated i n t e n s i t i e s  

w e r e  measured from a l l  six [220] planes perpendicular t o  the  (111) 

and (ill) planes i n  the  damaged slices. 

r e l a t ed  t o  the  depth of damage. 

cold work the  depth of damage is g rea t e r  on the  B than on the  A 

surfaces.  

f r e e  indium antimonide specimen used has determined t o  be  10.01 cm-c 

f o r  AgK, rad ia t ion .  

in tegra ted  in t ens i ty  measurements, the  growth cha rac t e r i s t i c s  of 

Czochralski-grown indium antimonide c r y s t a l s  doped with tellurium 

have been studied, 

of up to  three  minutes of a r c  have been measured and preliminary work 

ind ica t e s  t h a t  the  s t r a i n  is of a twisting nature. 

magnitude of the s t r a i n  configurations are being r e l a t e d  t o  growth 

mode and doping and a l s o  tc fundamental aspects o f  t he  atomic 
mechanisms of c r y s t a l  growth. 

A phase 

The core  p a r t  of t he  

The o s e i l l a t i o n s  then propagate away from 

S t r i a t i o n s  associated with the o s c i l l a t i n g  in t e r f ace  

The causes of i n s t a b i l i t y  and its re la t ionship  

The depth of abrasion induced sur face  damage on the  (111) and 

Differences i n  adsorption were 

The r e s u l t s  show that for a given 

The l i n e a r  e f f ec t ive  absorption coe f f i c i en t  f o r  t he  dislocation- 

Using both anomalous transmission topography and 

Misalignment i n  both "core" and "off-core" regions 

The sense and 

6.0 Decomposition of S i lve r  (11) Oxide 

Personnel: A. F. W i t t ;  0. Sandven 

Sponsorship: National Aeronautics and Space Administration 

In air, Ago decomposes slowly t o  Ag20 i n  the  temperature range 

The decomposition curve i s  sigmoid and i n  good agreement ll1°C-1330C. 

with published r e su l t s .  

form decompose f a s t e r  than loose powder. 

approximately 30 Kcalfmol. 

observed i n  vacuum although the  r eac t ion  rate is  much higher than i n  

air and no longer sigmoid. 

Samples with small p a r t i c l e  s i z e ,  or i n  compacted 

The ac t iva t ion  energy is 

No change i n  the  ac t iva t ion  energy w a s  
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In air, the electrical resis tance R of cold pressed samples 

of Ago increases i n i t i a l l y  with time t according to: 

log R/Ro 5 Klt  

where K1 is a constant and R the i n i t i a l  resistance.  

r e l a t ive ly  short  time, the slope changes abruptly and the resistance 

follows the relationship: 

After a 

log R/Ro = K 2 t  + a 

I n  vacuum, t h i s  change i n  slope does not occur, and the rate is again 

higher. 

In the temperature 'range 18°-700C ( in  air), the resistance 

varies  reversibly according to: 

log R = C + K 1/T 

An apparent act ivat ion energy fo r  conduction of about 0.50 eV w a s  

determined. Infrared adsorbtion experiments f a i l ed  to  reveal an 

energy gap i n  t h i s  range. 

resistance with temperature i s  more l i ke ly  due t o  the heat of adsorbtion 

of ambient gases than due t o  an actual gap. 

It may thus be assumed t h a t  the change i n  
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Research Report: 

1.0 High-Field Sol id  Solu t ion  Superconduct ivi ty  

1.1 S t r u c t u r e  and High Fie ld  P r o p e r t i e s  of Quaternary Nb-Ti Base Alloys 

The aging behavior of a niobium-titanium a l l o y  containing 60 weight 

per  cent  t i t an ium and s m a l l  addi t ions  of oxygen and erbium o r  scandium was  

charac te r ized  and r e l a t e d  t o  superconducting proper t ies .  The t e r n a r y  and 

quaternary a l l o y s  were meltea i n  an argon-arc furnace ,  cold reduced t o  10 

m i l  w i r e  and 15  m i l  f o i l ,  and aged f o r  var ious  t i m e s  a t  temperatures between 

250°C and 1000°C. 

t a t i o n  processes  were followed by la t t ice  parameter, r e s i s t i v i t y ,  c r i t i ca l  

magnetic f i e l d ,  and c r i t i ca l  c u r r e n t  dens i ty  measurements, as w e l l  as by 

X-ray d i f f r a c t i o n  i n t e n s i t y  and metal lographic  i n v e s t i g a t i o n .  The optimum 

one-hour aging temperatures fo r  producing omega and a lpha  phase p r e c i p i t a -  

t i o n  were found t o  be 400°C and 500°C respec t ive ly .  

duced only  oxide p r e c i p i t a t i o n .  

s t a b i l i z e  t h e  alpha phase but  have l i t t l e  e f f e c t  on omega p r e c i p i t a t i o n .  

In determining t h e  f luxoid  pinning e f f e c t i v e n e s s  of a given second 

phase p r e c i p i t a t e  both t h e  inherent  pinning s t r e n g t h  (F ) and t h e  number 

dens i ty  (N ) of t h e  p r e c i p i t a t e  p a r t i c l e s  were considered.  

t i v e  f luxoid  pinning p r e c i p i t a t e  i n  t h e s e  a l l o y s  w a s  found t o  be the  omega 

phase which p r e c i p i t a t e s  on a f i n e  s c a l e  producing an extremely high number 

dens i ty  of pinning sites. 

JcH versus  H graphs, and i t  w a s  demonstrated t h a t  t h e  dominant f luxoid  pin- 

ning p r e c i p i t a t e  i n  superconducting samples can be i d e n t i f i e d  from t h e  shape 

of  these  curves. 

Omega and alpha phase t ransformations and oxide prec ip i -  

Aging a t  1000°C pro- 

It w a s  found t h a t  oxygen and r a r e  e a r t h s  

P 
The most e f fec-  

P 

Cri t ical  cur ren t  dens i ty  d a t a  were p l o t t e d  on 
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2.0 Superconductivity i n  the  Transit ion Metals 

2 .1  The Critical F ie ld  of Nb 

The t ransverse  and longi tudina l  r e s i s t i v e  c r i t i c a l  f i e l d s  of Nb wires 
with drawing s t r a i n s  up t o  11 were measured. 

of the  r e s i s t i v e  c r y s t a l  f i e l d  were both much grea te r  than the  bulk Ginz- 

burg-Landau parameters i nd ica t e ,  even i f  " in te rna l  surface" nucleation of 

superconductivity i s  assumed. 

t h a t  these  e f f e c t s  are due t o  superconductivity i n  the  d is loca t ion  c e l l  wal l s  

created by drawing o r  swaging. 

e f f e c t  and t e s t ed  t h e  model successfully by various experiments. 

ments i nd ica t e  a very remarkable Hc-T curve f o r  t h i s  mater ia l ,  and l a rge  

transit ion-width changes on recovery. 

The magnitude and anisotropy 

We have suggested, using simple ca lcu la t ions ,  

W e  have worked out a simple model f o r  t h i s  

Experi- 

2.2 Grain S ize  Control i n  Nb 

Preliminary experiments i nd ica t e  tha t  g ra in  growth can be in ten t iona l -  

l y  seGerely inh ib i t ed  by oxygen c lus t e r s .  

2.3 Theore t ica l  Calculations on Defects i n  the  Fluxon La t t i ce  

Computer-aided va r i a t iona l  ca lcu la t ions  were made t o  examine t h e  

s t a b i l i t y  of various l a t t i c e  defec ts  i n  the  f l u x  l i n e  l a t t i c e  which e x i s t  i n  

t h e  mixed state of Type I1 superconductors. The s t a b l e  configurations 

agreed with the  d i r e c t  experimental observations of Essmann and Trguble, i f  

t he  d is loca t ions  and vacancies were assumed t o  be assoc ia ted  with pinning 

centers .  

with which the  various de fec t s  are observed. 

d i s loca t ions  w a s  a l s o  ca lcu la ted ,  as w e l l  as the  theo re t i ca l  shear stress f o r  

t h e  pe i f ec t  lattice. 

The presence of pinning centers  can a l so  explain the  frequencies 

The P e i e r l s  p o t e n t i a l  f o r  

2.4 Surface Nucleation: S t ruc tu ra l  Ef fec ts  

Recent work i n  the  l i t e r a t u r e  shows tha t  sur face  abrasion leads t o  the  

pers i s tence  of superconductivity a t  magnetic f i e l d s  much higher than the  

bulk c r i t i c a l  f i e l d .  

such e f f e c t s  a r e  due t o  severe s t r u c t u r a l  e f f e c t s  (from the  abrasion) and 

no t ,  as is  cu r ren t ly  accepted, t o  changes i n  the  boundary conditions f o r  

sheath nucleation. 

We w e r e  ab le  t o  do c r i t i c a l  experiments showing t h a t  
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2.5 Controlled Pinning by Surface Relief i n  Pb-Ti Alloy Foi l s  

We have separated the  t h r e e  main cont r ibu t ions  t o  Jc i n  Pb-Ti f o i l s  

experimentally. 

centers of known s t rength ,  geometry and dens i ty ,  and confirm t h a t  we have 

done t h i s  by d i r e c t  observation. Thus, f o r  t he  f i r s t  time, we may be ab le  

t o  do t r u l y  quan t i t a t ive  experiments on fluxon pinning. 

We are now i n  a pos i t ion  t o  se l ec t ive ly  introduce pinning 

3.0 Tunneling 

3.1 Nb Single  Crys ta l s  

Our measurements a t  0.48"K and above on high-purity Nb c r y s t a l s  have 

revealed d i r e c t  evidence f o r  t h e  existence of a second gap f o r  superconduc- 

t i v i t y ,  a t  c r y s t a l  o r i en ta t ions  where such a gap would be predicted by the  

band s t r u c t u r e  of Nb and cur ren t ly  accepted multiband theory. 

gap is  1/10 the  s i z e  o f  the  f i r s t  and is  independent of temperature over t he  

range of our measurements (0.48 t o  4.2OK). 

The second 

3.2 Re S ingle  Crys ta l s  

Because R e  is  an HCP metal  and presumably q u i t e  an iso t ropic ,  and i s  

a l so  i n  Group VI1 ( i n  the  periodic t ab le )  i n  t h e  t r a n s i t i o n  series, w e  have 

i n i t i a t e d  work on t h e  growth and tunneling i n t o  R e  s ing le  c rys t a l s .  To- 

ge ther  with our r e s u l t s  f o r  Nb, w e  hope the  da t a  f o r  R e  w i l l  c l a r i f y  our 

p i c tu re  of t r a n s i t i o n  m e t a l  superconductivity. 

3.3 "Synthetic" Tunneling Barr ie rs  

Work has begun on t he  proper t ies  of amorphous C and G e  b a r r i e r s ,  which 

w i l l  be used a s  a check on t h e  Nb and R e  tunneling work (which uses oxide 

ba r r i e r s ) ,  as a b a r r i e r  on a l loys ,  and a l s o  because such b a r r i e r s  may be 

use fu l  p r a c t i c a l l y ,  e.g. i n  the  c rea t ion  of s t a b l e  Josephson junctions.  

4.0 Superconducting Composites 

W e  are present ly  examining t h e  AC response of superconductors i n . t h e  

power-audio and VHP frequency domsins, as i n  both cases p r a c t i c a l  u t i l i z a t i o n  

can be g rea t ly  acce lera ted  i f  the  mater ia l s  problems can be solved. 
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5.0 High Tc and S t r u c t u r e  

I n  o u r  i n v e s t i g a t i o n  of t h e  s t r u c t u r e  and p r o p e r t i e s  of granular  

high-T 

t h e  edges of A1 and A1-.3% Mg f i lms ,  confirming d i r e c t l y  t h e  "phonon- 

sof tening" school  of thought on Tc enhancement. 

f i l m s ,  w e  have found d i r e c t  evidence of s t r u c t u r a l  i n s t a b i l i t y  i n  
C 
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Research Report 

The current research program in ceramics can be broadly described as 
including: (1) research on kinetics of phase changes, diffusion, and the 
development of microstructure in ceramics, (2) relationship of properties 
to composition, crystal structure, and microstructure, (3) research on 

the structure and properties of noncrystalline solids, and ( 4 )  materials 

synthesis and preparation. Each of these areas of research is described 

in detail in the report. 

1.0 Kinetics of Phase Changes, Diffusion, and Microstructure Development 

1.1 Grain Boundary Diffusion Studies (AEC) 

Personnel: B. J. Wuensch; R. J. Tiernan 

A study of the diffusion of T1 in single-crystal, bicrystal and poly- 
crystalline KC1 has been completed. The system was chosen for study because 
T1 is a highly polarizable ion for which transport should be greatly influ- 

enced by the presence of grain boundaries. 
KC1 was found to be extrinsic in the temperature range 230'-480°C and de- 

scribable in terms of an activation energy of 0.25 eV and a pre-exponential 
term, Do, of 9 x 10-l' em /sec. Diffusion in the temperature range 480- 
727'C was intrinsic and characterized by an activation energy of 1.42 eV 
and Do of 6 x These results provide 2.34 eV as the activa- 
tion energy for Schottky defect formation, a value in good agreement with 
estimates of other work. 

Diffusion of T1 in single-crystal 

2 

2 cm fsec. 

Grain boundary diffusion was studied in the temperature range SSO- 

86S"C, a region in which the single crystal measurements indicate that bulk 
diffusion is intrinsic: 

observed in some, but not all samples. Typical values of the product of 
grain boundary width and diffusion coefficient were small (1 to 20 x 10 
cm fsec). The grain boundary effect was not reproducible and is attri- 

buted to small amounts of impurity. Water vapor, if present during the 

fabrication of bicrystals, was shown to cause a marked increase in 
boundary diffusion. 

Enhanced diffusion along grain boundaries was 

-14 

3 
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1.2 Ion Transport in Crystals (AEC) 

Personnel: E. J. Wuensch; K. S. Kim 

Studies of the relation between transport properties and structure 
are continuing. 

is being examined for possible anisotropy. Such measurements provide in- 
sight into the nature of the path followed by the migrating ion. 
ment of self-diffusion rates for Zn6’ in single-crystal ZnO as a function 

of temperature and crystallographic direction have begun, and a few prelim- 
inary diffusion coefficients have been obtained. 

Cation diffusion in oxides of the hexagonal wurtzite type 

Measure- 

1.3 Diffusion Mobility Structure in Single Crystal Alumina (AEC) 

Personnel: R. L. Coble; W. L. Robbins 

Diffusion coefficients and mobilities have been determined in Ti- 

doped alumina single crystals by the observation of the migration of color 
boundaries. 

When Ti-doped samples are fired in a reducing atmosphere, a pink 
crystal is obtained, and when fired in an oxidizing atmosphere a clear 

crystal results. This clearing takes place due to diffusion of some 
defect or defects which cause a change in the effective oxidizing or 

reducing atmosphere surrounding the transition metal dopant. 
the reduced crystals in an oxidizing atmosphere under the influence of a 

D-C field, the diffusion coefficient can be determined by measurements 
perpendicular to the field and mobilities can be determined by measure- 

ments parallel to the field; application of the Nernst-Einstein relation- 
ship gives the charge on the diffusing species. 

By firing 

By combining the diffusion studies with precise density determination, 
it is anticipated that the defect structure of alumina can be better 
understood. 

Further studies w i l l  be extended to Co andlor Ni-doped samples where 
the valence change is of a two-three type. In addition to oxidation 
studies, reduction studies will be performed. 

1.4 Effect of Pressure on Grain Boundary Self-Diffusion (AEC) 

Personnel: R. L. Coble; R. Pober 



SECTION C - METALLURGY AND MATERIALS SCIENCE 21 9 

A literature survey has yielded data on the effect of pressure on 
lattice diffusion and also has shown a few solutions to the grain boundary 

diffusion problem. From the indicated values of lattice diffusion in lead 
and values for the grain boundary diffusion at one atmosphere, it is now 
possible to select experimental conditions which will yield reliable 

results from which to calculate grain boundary diffusion coefficients as 
a function o f  pressure. 

210 

decay. This will eliminate the problems sometimes encountered when 
measuring the beta decay of the Bi2lo daughter. 
isotope will be done in an externally heated "bomb" in a silicone oil, 
temperature-controlled bath. 

Isotope counting equipment has been set up to count the Pb gamma 

Diffusion of the radio- 

Initial experiments will be directed toward determining whether the 
activation volume is positive or negative for grain boundary self-diffusion 

in lead. 

1.5 Crystallization and Melting Kinetics of Germanium Dioxide (AEC) 

Personnel: D. R. Uhlmann; P. J. Vergano 

The effects of melting temperature and atmosphere upon the state of 
reduction of germanium dioxide glass have been determined, and glasses 

varying from very nearly stoichiometric to .004% reduced have been pre- 
pared. Growth rates of hexagonal germanium dioxide crystals were measured 
in four glasses of differing stoichiometries over a range of undercoolings 
from 3 to 416°C. In air, nitrogen, and oxygen atmospheres, the crystal 
thickness was found to increase linearly with time at all temperatures 
studied. The measured crystal growth rates covered a range from 10 
cms/sec at 416" undercooling to a peak of 
cooling. Crystal growth rates in all the glasses exhibited the form of 
growth rate variation with temperature typical of glass forming materials. 

Crystal growth rates were found to increase with the state of reduction 

of the glass oveq the full temperature range studied. Growth rates in 

the .004% reduced glass were a factor of 2 greater than those in stoi- 
chiometric glass at high undercoolings and up to a factor of about 4 

greater at low undercoolings. 

0 

-8 

cmslsec at about 75" under- 

Various extrinsic growth effects were observed. A form of rapid 

growth independent of specimen geometry occurring at temperatures above 
950°C and a geometry-dependent type of extrinsic growth occurring at 
lower temperatures were both associated with sodium impurities. Extrinsic 
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growth rates estimated to be two or three orders of magnitude greater than 

intrinsic growth rates were observed. 
Using viscosity data of other investigators obtained on glasses melted 

in the same way as one of the glasses studied, it was determined that the 

reduced growth rate 
growth rate x viscosity 

AHFAT 
1 - e x p - ( T  1 

of Ge02, a low entropy of fusion material, is independent of undercooling 

over the full range of undercooling studied, 16 to 416OC. 
Melting rates were measured using a slightly reduced glass (.002% 

reduced) and a very nearly stoichiometric glass over a temperature range 

from 5" to 23" superheat. The reduced glass exhibited faster melting in 
this temperature range. 

atures near the melting temperature against temperature was found to be 
continuous with no change in slope through the melting temperature for 
both glasses whose melting rates were measured. 

A plot of the growth and melting rates at temper- 

Melting and crystallization specimens always exhibited nonfaceted 

crystal-liquid interfaces. Consistent with this, an x-ray analysis of 
growth specimens indicated that growth was relatively isotropic. 

nonfaceted interface morphologies, the growth isotropy, the reduced 
growth rate independent o f  temperature, and the growth-melting rate 
continuity at the melting temperature all lend support to reasoning 
based on the Jackson model of the crystal-liquid interface. 

The 

1.6 Effects of High Pressure on Transformation Kinetics (AEC) 

Personnel: D. R. Uhlmann 

The effects of high pressure on the kinetics of crystallization and 
melting, as well as upon the kinetics of solid-solid transformations are 

being investigated. 
and melting study include Si02 and B2O3, while the solid-solid transfor- 

mation is CaC03 + Si02. 

The materials being studied in the crystallization 

1.7 Investigation of Forming Sintered BaTiO?, SrTiOq, and MgTi03(AEC) 

Personnel: W. D. Kingery; P. Chabrier 

An investigation is underway to obtain sintered BaTiO 3, SrTiOj, and 
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MgTiOg starting from powders prepared by freeze-drying. 

conditions are fine and uniform particle size, uniform grain density, 
grain growth inhibition which is attempted by using such additives as 

Sm2O3, Ca2O3, Al203, La2O3, Nb2O5, and Ta2O5 and a diffusible atmosphere 

of oxygen. 

The necessary 

2.0 Relationship of Properties to Composition, Crystal Structure 

and Microstructure 

2.1 Crystal Structure Studies (AEC) 

2.1.1 Crystal Chemistry of Glass-Forming Sulfides 

Personnel: B. J. Wuensch; T. 2.. Guillermo 

The phases Sb2S3 (which has a chain structure) and As S 2 3  
a layer structure) are well known constituents of sulfide glasses. 
intermediate crystalline phase AsSbS3 was recently discovered. A deter- 
mination of the crystal structure of this phase has been completed using 
crystals synthesized from As SbS glass under 1000 bars pressure. The 

structure is composed of thick (9.1 8) slabs. Both arsenic and antimony 
have the customary trigonal-pyramidal coordination of sulfur. The basic 

unit of the structure is an eight-membered ring, consisting of alternating 
“pairs of Sb and As pyramids. 
Within a slab the rings are linked in a meandering, very open “glass-like’’ 

network. 
or As S 

(which has 
An 

3 6  

All rings are oriented normal to the slab. 

The structure bears no relationship to that of either Sb2S3 

2 3’ 
Attempts are being ma8e t o  synthesize single crystals of As S 2 3’ 

Crystals of As2Se3 have been successfully 
This structure is only roughly known, and a refinement of the atomic 
positions seems desirable. 
prepared. Preliminary results indicate that this phase is isostructural 

with As2S3. 

2.1.2 Cation Distribution in Nonstoichiometrie Spinels 

Personnel: B. J. Wuensch; H. T. Anderson 

An intermediate spinel phase XZ 0 occurs in a number of ceramic 
The stability field of the phase commonly extends over wide 

2 4  
systems. 
ranges of stoichiometry toward Z203 at elevated temperatures. Magnesium 
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gallate spinels have been synthesized by freeze-drying techniques with 

compositions extending over the complete range of homogeneity at 14OO0C. 

Precision lattice constant measurements combined with density deter- 

minations revealed that excess Ga3+ is incorporated into the structure 
by the replacement of 3 Mg2+ by 2 Ga3+ and a vacancy. It has been shown 
that at 1400°C 84.7% of the occupied tetrahedral sites in stoichiometric 

MgGa204 contain Ga3+ and 59.1% of the octahedral sites are occupied by 
3+ Ga . 

nonstoichiometric compositions as well. 

in the tetrahedral site was found to increase as the departure from stoi- 

chiometry increased. 
preference for the tetrahedral site. 

atomic occupancy of each type of site solely on the basis of composition 

and electron content, since the distribution of vacancies among the sites 
is unknown. We plan to resolve this question by a two-step refinement of 

site occupancies. The number of electrons contained in each type of site 
will be refined subject to the constraint that the total number of electrons 

correspond to that given by the composition of the phase. 
tent of each site will then be refined subject to the constraints of 
composition and the electron content previously determined. 

The electron content of each type of site has been refined for 

The number of electrons contained 

This indicated that the excess GaU. has a marked 
It is not possible t o  determine the 

The atomic con- 

2.1 .3  Structural Study of the Phase Transformation in CuAgS 

Personnel: €3. J. Wuensch; T. R. Guillermo 

CuAgS exhibits a phase transformation from an orthorhombic to a 

hexagonal structure at a temperature in the neighborhood of 100°C. 
transformation involves an unusually large amount of energy. 

analogous transformation in Cu S both Cu diffusion rates and conductivity 
increase by several orders of magnitude. High temperature x-ray diffrac- 

tion is being employed to determine the crystal structures of both phases 
of CuAgS at several temperatures spanning the transformation point. The 
resulting structural data will be used to study thermal vibrations of 
the atoms near the transformation point and to correlate thermal expansion 
with structural change. 

crystal diffractometer. 
been developed, and collection of the diffraction data is proceeding. 

The 

In an 

2 

A heating device has been constructed for a single 
The necessary sample-mounting techniques have 
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2.1.4 Analysis of Superstructures 

Personnel: B. 3 .  Wuensch 

Analysis of the structures of several superstructures is continuing. 
It is hoped that details of these structures will provide the reasons for 
the perturbations of a simpler structure which leads to the increased size 

of the lattice. Many Pb-containing sulfides are closely related to a 

simpler rock salt-like array of atoms. 
derivative of the rock salt structure with an ordered arrangement of metal 

atoms. While the study is not yet complete, it appears that its phase 

is isostructural with its arsenic analogue. Another superstructure, 
Pb13As,S13, has been found to be based on sizable slabs of rock salt 
structure rotated relative to one another. Also under continuing study 

is Fe7S8, a superstructure formed by vacancy ordering in a nonstoichio- 

metric structure of the NiAs type. 

PbAgSbS3 is a severely distorted 

2.2 Crystal Chemistry of Sulfosalts (NSF) 

Sulfosalts are minerals in which one or more metal atoms are combined 
with a Group V metal and sulfur. 
is extremely complex. 

ciated with their study, very few structures are known. 

The crystal chemistry of these materials 
Because of formidable experimental problems asso- 

2.2.1 Bismuth Sulfosalts 

Personnel: B. J. Wuensch; J. K. Jenkins, I. Kohatsu 

The primary tool for distinguishing Pb and Bi (which have nearly 
identical scattering powers for x-rays) in a structure is a slight differ- 

ence in metal-sulfur bond lengths. 

fully refined. The structure of emplectite, CuBiS2, has therefore been 
refined to obtai? a precise measure of Bi coordination. 
consists of parallel chains of CuS4 tetrahedra and a double chain of 

BiS square pyramids. 4 
51. In contrast, Pb-S separations have never been found to be less than 

2.73 8. 
been completed. The rough details of this structure were known, but the 
S positions were uncertain and Pb and Bi were not distinguished. 
structure is an interesting derivative of the Bi2S3 structure. 

Only one Bi sulfosalt has been care- 

The structure 

The shortest Bi-S separation was found to be 2.53 

A determination of the structure of aikinite, PbCuBiSj, has 

The 
Pb sub- 
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stitutes for 112  of the Bi in the latter structure and Cu is located in a 
normally unoccupied interstice. Also under investigation is the structure 
of gladite, CuPbBi5Sg, which appears to be a superstructure based upon 

PbCuBiS 
filled by Cu. 

composition Pb10CuqBi10SZ7. 

Bi S 
chains present in PbCuBiS 

and in which only a portion of the tetrahedral interstices are 3 
Further work is concerned with a newly discovered phase of 

This structure bears no obvious relation to 

but yet has one lattice constant characteristic of the bismuth 
2 3  

2 '  and CuBiS 3 

2.2.2 Antimony Sulfosalts 

Personnel: B. J, Wuensch; S. A.  Cho and J. K. Jenkins 

The system PbS-Sb S contains at least 19 intermediate phases. None 
2 3 .  

of their crystal structures are known. 
correspondence with the sequence of phases occurring in the system PbS- 

As2Sg. 
ogous series Pb3+2nSbgS15+2n (n = 0 to 3) in which two lattice constants 
remain invariant, while the third increases with n. A determination of 
the crystal structure of plagionite, Pb5SbgS17, has been completed. The 
structure contains a cluster of Pb octahedra sharing edges. 

are flanked by a sheet of Sb square pyramids. 
together form a twisted ribbon of PbS-like structure. 

and properties of the plagionite group may be explained in terms of a 
gradual increase in length (i.e., the "pitch" of the twist) of the PbS- 

l i k e  region of the structure in successive members of the series. A 

structure determination of semseyite, PbgSb8SZl, is in progress to confirm 

this proposal. 

Curiously, there is virtually no 

Of particular interest is the plagionite group, an apparent homol- 

These clusters 

The two types of polyhedra 
The composition 

2.3 Grain Boundaries, Impurities and Pores in A12g3 (AEC) 

Personnel: W. D. Kingery; A .  Mocellin 

Sintered aluminum oxide, of high purity and controlled dopant concen- 
tration has been prepared. 
heat-treating atmosphere on the time and temperature dependence of grain 

growth has been investigated. 

The influence of magnesium as a dopant and the 

The possibility of boundary diffusion controlled creep has been in- 
vestigated and the results indicate that in the temperature range 1600'- 

1900°C under QlOOO psi compressive stress, the deformation behavior of 
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l a r g e  g r a i n  s i z e  samples (1.60 microns) is n o t  i n  c o n t r a d i c t i o n  w i t h  Coble's 

mechanisms. 

2.4 Dis loca t ions  Behavior in  Alka l ine  Earth Fluor ides  (AEC) 

Personnel: R. L. Coble; R. N. Katz 

The behavior  of  d i s l o c a t i o n s  i n  pure calcium f l u o r i d e ,  barium f l u o r i d e  

and s t ront ium f l u o r i d e ,  as w e l l  as calcium f l u o r i d e  doped w i t h  var ious  

amounts of neodymium w a s  s tud ied .  The s t r e s s - v e l o c i t y  r e l a t i o n s h i p s  f o r  

both edge and screw d i s l o c a t i o n s  i n  s i n g l e  crystals of calcium f l u o r i d e  

and f o r  edge d i s l o c a t i o n s  only i n  barium f l u o r i d e  w e r e  i n v e s t i g a t e d  u t i l -  

i z i n g  a modified Gilman and Johnston technique. 

of power func t ion ,  v = AT , i t  w a s  found t h a t  t h e  a l k a l i n e  earth f l u o r i d e s  

have a lower s t r e s s - v e l o c i t y  exponents, m,  than do o t h e r  i o n i c  c r y s t a l s .  

Direct evidence t h a t  a f r a c t i o n  of t h e  screw d i s l o c a t i o n s  i n  pure  calcium 

f l u o r i d e  and barium f l u o r i d e  possess  g r e a t e r  mobi l i ty  than edge d i s l o c a t i o n s  

w a s  obtained.  Doping calcium f l u o r i d e  with as l i t t l e  as 70 ppm Nd3+ e l i m -  

i n a t e d  t h e  f a s t  screw d i s l o c a t i o n s .  The mobi l i ty  of s c r e w  d i s l o c a t i o n s  i n  

calcium f l u o r i d e  w a s  r a t i o n a l i z e d  on the  b a s i s  of  a F l e i s h e r  "rapid s o l u t i o n  

hardening" model. 

t i o n s  i n  t h e  a l k a l i n e  e a r t h  f l u o r i d e s  w a s  a l s o  i n v e s t i g a t e d . ,  

Analyzing t h e  d a t a  i n  terms 
m 

The phenomenon of trails a s s o c i a t e d  w i t h  screw dis loca-  

The behavior  of edge d i s l o c a t i o n s  i n  calcium f l u o r i d e  c r y s t a l s  of 

v a r i o u s  p u r i t y ,  i n d i c a t e d  t h a t  a change i n  p r i n c i p a l  drag  mechanism, from 

an e x t r i n s i c  t o  i n t r i n s i c  drag  occurs  with i n c r e a s i n g  stress. It is 

hypothesized t h a t  t h e  e x t r i n s i c  drag mechanism f o r  Nd3+ doped calcium 

f l u o r i d e  i s  t h e  r e o r i e n t a t i o n  of Nd3' - F- d i p o l e s  i n  the stress f i e l d  of 

the moving d i s l o c a t i o n .  

S t r e s s - s t r a i n  curves  f o r  pure calcium f l u o r i d e ,  barium f l u o r i d e  and 

calcium f l u o r i d e  doped wi th  neodymium w e r e  obtained f o r  compression along 

t h e  [UT]. Neodymium w a s  found t o  inf luence  t h e  y i e l d  stress b u t  no t  t h e  

work hardening rate of calcium f l u o r i d e .  

2.5 Dis loca t ion  Bqhavior i n  F l u o r i t e  S t r u c t u r e  Materials: U02 and Tho2 
(AEC) 

Personnel: R. L. Coble; R. N. Singh 

To e l u c i d a t e  whether o t h e r  f l u o r i t e  s t r u c t u r e  materials, namely, 

uranium oxide  and thorium oxide ,  show behavior  similar t o  t h a t  observed i n  

t h e  a l k a l i n e  e a r t h  h a l i d e s ,  s i n g l e  c r y s t a l s  of UO and Tho2 w i l l  be deformed 
2 
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and stress-velocity data will be obtained for varying temperature, stoichi- 

ometry and impurity contents. 
motion and activation volumes will permit the elucidation of the drag mech- 

anism controlling the dynamics of dislocations in these materials. 
the effect of the above-mentioned variables on yielding behavior will also 
be studjed and related to the basis of dynamic dislocation behavior. 

It is hoped that analysis data for dislocation 

Moreover, 

2.6 Thermophysical Properties of Nonstoichiometric Materials in a 

Thermal Gradient (AEC) 

Personnel: W. D. Kingery; H. K. Bowen 

Thermal gradient studies are to be made on single crystal and poly- 
crystalline samples of wustite (Fel-xO). 

properties will then allow.empirica1 determination of composition variation 

and property changes resulting from the thermal gradient. 
mass transport will allow calculation of the Soret coefficient and chemical 

diffusion coefficient. 

Measurement of structure-sensitive 

Measurement of 

Single crystals of wustite have been grown by chemical vapor deposition- 
Facilities have been completed for static growth, including a fused quartz 

encapsulation system and gradient furnaces with precise long-term tempera- 
ture control. In addition to the growth of wustite, single crystals of 

Fe304, Fe20j, NiO, COO, Ni x Mg 1-x 0, and MgO have been grown. 

development to control and measure the oxygen potential during powder 
preparation and property measurements. 

A functional oxygen pump employing calcia-stabilized zirconia is under 

3.0  Structure and Properties of Noncrystalline Solids 

3.1 Evaporated Amorphous Silicon Thin Films (AEC) 

Personnel: C. J. Mogab and W. D. Kingery; J. Sauvage 

Thin films of silicon deposited on sapphire substrates by electron 

beam evaporatioi at room temperature, 

in "situ" by conductivity measurements at annealing temperatures from 

100°C to 40OoC. 
than 30 seconds and controlled better than 5°C during four decades of time 
in logarithm scale. 
three modes controller are responsible for such heating characteristics. 

torr, and 15 x/sec are monitored 

Steady-state annealing temperature is obtained in less 

A quartz lamp included in the vacuum system and a 
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The irreversible decrease in conductivity at constant annealing temperature 

is found to show discrepancies from a straight line in a plot of the conduc- 

tivity as a function of the logarithm of time. Study of the behavior of the 

films as a function of the annealing temperature allows also the detection 

of a reversible part in the variation of the resistivity. This variation is 

found nonlinear as a function of the inverse of the absolute temperature. 
A large increase in the conductivity is also found over a 100°C range of 
temperature starting at 490°C and has been interpreted as recrystallization 

of the amorphous film. 
density of states and of the carrier mobility in the amorphous phase, optical 

absorption measurements, and electron microscopy examination. 

Further study will involve measurements of the 

3 . 2  Amorphous Silicon Thin Films (AEC) 

Personnel: C. J. Mogab and R. G. Block 

Amorphous silicon thin films were prepared by electron beam evapora- 

tion onto room temperature substrates. 
films revealed that it is possible to obtain films in conditions ranging 

from five to twenty-five percent less dense than bulk crystalline silicon, 
depending upon residual gas atmosphere and deposition rate. 

Density measurements of as-deposited 

The electrical conductivity of amorphous silicon was studied between 
room temperature and 700°C. 

LOO and 200 ohm-cm. 

films exhibited a large irreversible decrease in conductivity similar to 
that observed for other amorphous semiconductors such as germanium, 
tellurium, and silicon carbide. The kinetics of this irreversible annealing 
phenomenon obeyed a logarithmic rate law as predicted by Primak's analysis 
of thermally activated processes distributed in activation energy. 
of the kinetic data yielded an activation energy range for annealing of 

about 0.5 to 2.0 eV. The fact that a distribution in activation energies 
is needed to describe the annealing kinetics is consistent with the 

assumption that the large irreversible changes in conductivity occur as 
a result of a variety of structural changes tending toward increasing 
internal order. 

The as-deposited resistivity varied between 
In the temperature range from 100 to 450"C, the 

Analysis 

Crystallization of amorphous silicon occurred over a wide range of 

temperatures (50O-70O0C) and was accompanied by an irreversible increase 
in conductivity with time was found to follow the Johnson-Mahl-Avrami 
relations for nucleation and one-dimensional (rod-like) growth. 
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3 . 3  Relaxation Phenomena in Simple Glass-Forminpr Liquids (AEC) 

Personnel: D. R. Uhlmann; W. T. Laughlin 

Isothermal volume relaxation measurements in the vicinity of the 

glass transition have been made on three organic glass-forming liquids: 
a-phenyl, o-terphenyl and glycerin. The time dependence of volume relaxa- 
tion in all three of these materials was found to be complex. For a given 
pair of temperatures, the form of the relaxation curves of samples quenched 
down in temperature was different than those quenched up in temperature. A 
form of Primak's distributed activation energy analysis has been applied to 
the volume relaxation data and the derived energy distributions were found 
to depend on temperature, shifting to higher energies with decreasing 

temperatures. 

3 . 4  Phase Separation and Density of Glasses (AEC) 

Personnel: D. R. Uhlmann 

The variation of bulk density with composition across a miscibility 

gap has been described by a simple model in which volume additivity of the 
two phases was assumed. The density-weight percent composition function 

was found to have positive (concave-upward) curvature across a two-phase 
region. 'She density-mole percent composition function could have either 

positive or negative curvature, depending upon the location of the misci- 
bility gap in the binary diagram and upon the molecular weights of the end- 
member oxides. 

The model has been used to predict possible immiscible regions in the 
systems: K20-Si02, PbO-Si02, B 0 Ge02, Si02-Ge02, PbO-Ge02, and PbO-P205. 
Immiscibility is probably not present on the Ge02-rich side of the alkali 
germanate series of glasses, while the LiF-rich limit of the miscibility 
gap in the LiF-8eF2 system has been estimated. 

2 3- 

4.0 Materials Synthesis and Preparation 

4.1 Growth of Zinc Sulfide Crystals by Iodine Transport (AEC) 

Personnel: B. J. Wuensch; P. N. Dangel 
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Transport of zinc sulfide by iodine in a closed system was studied to 

determine the kinetics of chemical transport processes. Crystals of ZnS of 

millimeter dimensions were successfully synthesized. 

transported was found to vary linearly with time, temperature gradient, and 
transport chamber diameter, in accord with the predictions of a simple 

diffusion-controlled model. 

agent concentration followed the kinetics of the diffusion model only at 
high I concentrations. At lower concentrations the kinetics appeared to 2 
be limited by a finite surface reaction rate, and at still lower concen- 
trations asymptotically approached the rate of sublimation-condensation. 
Although the sphalerite form of ZnS was the stable phase at all temperatures 

investigated, material transported at lower I2 concentrations consisted of 
mixtures of wurtzite and sphalerite. 
produced demonstrated randomness in the stacking sequence of the tetrahedral 

layers. 

The amount of mass 

The dependence of transport rate on transport 

Diffraction study of the crystals 

4 . 2  Freeze-Dry Preparation of Mixed Oxides (AEC) 

Personnel: B. J. Wuensch; H. T. Anderson 

The freeze-dry procedure consists of the spraying of an aqueous solu- 
tion of salts of the desired cations into a bath of a cooled organic liquid, 
such as hexane, with which water is immiscible. 

removed, dried in vacuum, and subsequently calcined. Since the initial 
salts have had no opportunity to segregate, the resultant oxide is extremely 
homogeneous. An apparatus for the preparation of oxides by this technique 
has been successfully used in the preparation of magnesium gallate spinels 
of controlled stoichiometry. 
size nonstoichiometric oxides of the anti-fluorite structure type. 

The frozen droplets are 

The procedure will shortly be used to synthe- 

4 . 3  Development of A Transparent Furnace for Use in Crystal Growth ( A E C )  

Personnel: W. D. Kingery; C. Goodwin 

Research has mainly been oriented toward building a small transparent 

furnace for use in growing crystals using the vapor flow, chemical deposi- 

tion method. The motives for such a furnace are that growth conditions 
can be studied visually, thus achieving an understanding of the specific 
problems involved so that improvements may be made in a particular growth 
mechanism. 
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This  furnace  i s  cons t ruc ted  us ing  an 80 mm Pyrex tube,  the i n s i d e  

s u r f a c e  of  which i s  coated wi th  a gold f i l m  t h a t  acts as a . s p e c u l a r  

mir ror  t o  a major i ty  of t h e  h e a t  r a d i a t i n g  from t h e  source i n s i d e  t h e  tube. 

Such a gold l a y e r  r e f l e c t s  most of t h e  i n f r a r e d  wavelengths, b u t  is t h i n  

enough t o  a l low a cons iderable  p o r t i o n  o f  t h e  v i s i b l e  t o  be t ransmi t ted ,  

t h u s  al lowing v i s u a l  monitoring. 

To d a t e ,  t h e  gold l a y e r  has  been a p p l i e d  by c o a t i n g  t h e  g l a s s  s u r f a c e  

wi th  a metal lo-organic  s o l u t i o n  of  gold and h e a t i n g  t h e  tube i n  an oxid iz ing  

atmosphere t o  about  5 O O 0 C  i n  order  t o  burn o f f  t h e  v o l a t i l e  c o n s i t u t e n t s .  

However, t h i s  method has t h e  disadvantage t h a t  l a y e r  uniformity is very 

d i f f i c u l t  t o  o b t a i n .  Hence, the  evapora t ion  of  t h e  gold from a w i r e  hung 

along t h e  a x i s  of t h e  tube,  using a vacuum system, i s  now be ing  i n v e s t i g a t e d .  

S ince  temperatures  of  around 950°C w i l l  be  needed f o r  t h e  c r y s t a l  

growth, methods of o b t a i n i n g  t h i s  wi thout  excess ive ly  hea t ing  t h e  o u t e r  

s u r f a c e  of t h e  Pyrex tube are being s tudied .  Also,  d i f f e r e n t  arrangements 

of t h e  h e a t i n g  elements  are under i n v e s t i g a t i o n ,  i n  order  t o  o b t a i n  a s tep-  

f u n c t i o n  type  temperature  p r o f i l e  w i t h i n  t h e  furnace.  

4.4 Flow Apparatus f o r  Growth of S ingle  C r y s t a l s  (AEC) 

Personnel: W. D. Kingery; C. Seaton 

Work has  been i n i t i a t e d  on a dynamic. f low apparatus  f o r  growing s i n g l e  

c r y s t a l s .  When completed, t h i s  equipment w i l l  enhance t h e  c r y s t a l  growth 

c a p a b i l i t i e s  of t h e  C e r a m i c s  Divis ion.  I n i t i a l  emphasis w i l l  be placed 

on growth o f  s i n g l e  c r y s t a l s  of Zr02 and t h i s  program may be expanded i n t o  

growth of Zr02-MgO s o l i d  s o l u t i o n s .  

4.5 S o l i d  Solu t ion  S i n g l e  C r y s t a l s  of Magnesia (AEC) 

Personnel: W. D.  Kingery; J. R. Booth 

S i n g l e  c r y s t a l  MgO has  been grown e p i t a x i a l l y  on an MgO s i n g l e  c r y s t a l  

s u b s t r a t e .  

ves encapsula t ion  of t h e  reactants w i t h i n  a two-zone temperature  grad ien t .  

The pre l iminary  runs have been conducted a t  temperatures  below t h e  solu-  

b i l i t y  l i m i t  of  AL203 i n  MgO. 

encapsula t ion  materials and procedures must be  modified, o r  growth must 
be accomplished i n  a dynamic system. 

t u r e s  where s o l i d - s o l u b i l i t y  of A1203 i n  MgO is apprec iab le .  

T h i s  growth w a s  achieved by a s ta t ic  growth method which invol- 

To achieve t h e  d e s i r e d  temperatures ,  

Future  work w i l l  be done a t  tempera- 
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Research Report 

1.0 Time-Dependent Properties of Glass-Forming Systems 

Personnel: Professor D. R. Uhlmann; R. M. Kimmel 
The description of kinetic processes distributed in activation energy 

has been applied to a variety of relaxation phenomena in amorphous materials. 
The relaxation phenomena include annealing of densified glasses (Si02 and 
polymethyl methacrylate); volume relaxation (polystyrene, polyvinyl acetate 
and glucose) ; time-dependent mechanical properties (polymethyl methacrylate) ; 

and recovery o f  deformed polymers (polystyrene). The results of these 

analyses have reflected the complexity of the relaxation kinetics. 
corresponding distributions of activation energies have been derived and 

compared with energetic characteristics of other kinetic phenomena in the 

materials. 

The 

The first approximation analysis for deriving activation energy spectra 

from relaxation data, derived originally for linear distribution relaxation 

processes, has been shown to be valid as well for non-linear distributed 

processes. 
processes and found to indicate a spectrum of activation energies 

The analysis has also been applied to non-linear undistributed 
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with a maximum at the characteristic energy of the single process. 
characteristics of spectra resulting from non-linearities have been con- 
sidered, and procedures for evaluating the possible physical significance 

of derived activation energy spectra have been developed. 

The 

2.0 Deformation of Amorphous and Semi-crystalline Polymers 

Personnel: Professor D. R. Uhlmann; J. B. Park 

The deformation of amorphous and semicrystalline polymers is being 
investigated. 

properties and various structural and microstructural characteristics of 
the materials. 

tion and orientation parameters, and their relation to the deformation 
process. 
polypropylene, nylon, polycatbonate, and polystyrene. 

Emphasis is being placed on the relation between the mechanical 

Particular concern is being directed to various crystalliza- 

The polymers presently being investigated include polyethylene, 

3.0 Recovery of Deformed Polymers 

Personnel: Professor D. R. Uhlmann; J. B. Park 
The recovery of deformed polymers, both amorphous and semi-crystalline, 

is being investigated. 
polycarbonate and semi-crystalline polythylene and polypropylene. 
of polycarbonate were observed to recover completely at temperatures in the 

vicinity of the glass transition and above, while samples of polyethylene 
and polypropylene recovered only 90-95% of the initial strain even at tempera- 
tures within a few degrees of their respective melting points. 

The materials investigated to date include amorphous 

Samples 

From the kinetics of recovery for each of these materials, activation 
energy spectra have been derived. 
has been found tndependent of the extent of deformation, but varied some- 
what with the recovery temperature. 

were 22 to 26 kcal/mole for polycarbonate; 22 to 24 kcal/mole for polyethylene; 
and 14 to 17 kcal/mole for polypropylene. 

The location in energy of these spectra 

The energy ranges covered by the spectra 

On repeated cold-drawing and isothermal annealing, the yield stress of 
completely-recovered polycarbonate decreased, while the mean activation 

energies for recovery remained about the same as on the first drawing and 
recovery. Similar behavior was observed for incompletely recovered poly- 

ethylene and polypropylene. 
Studies of entropy annealing on the deformed polymers have also been ' 

carried out. 

out in the same temperature range as the length changes. 
The entropy changes on deformation were observed to anneal 

Activation energy 



236 

s p e c t r a  were c a l c u l a t e d  from t h e  k i n e t i c  d a t a  on entropy annea l ing;  and t h e  

mean a c t i v a t i o n  e n e r g i e s  f o r  entropy anneal ing w e r e  found t o  be  about t h e  

same as those  f o r  s t ra in  recovery. 

4.0 C r y s t a l l i z a t i o n  o f  Polymers under Pfessure 

Personnel: Professor  D. R. Uhlmann; P. D. Calvert 

The c r y s t a l l i z a t i o n  o f  a number of  polymers under h i g h  pre-sure has  

been shown to r e s u l t  i n  an extended-chain crystall ine conformation, i n  

c o n t r a s t  w i t h  t h e  usua l  folded-chain conformation commonly observed i n  

atmospheric p r e s s u r e  c r y s t a l l i z a t i o n .  

morphology is p r e s e n t l y  being i n v e s t i g a t e d ,  as is i ts  e f f e c t  on mechanical 

p r o p e r t i e s .  

t h a t  t h e  growth of  extended-chain c r y s t a l s  can t a k e  p lace  q u i t e  r a p i d l y  a t  

high pressure ,  and t h a t  the observed extended-chain c r y s t a l s  do not  

r e f l e c t  merely a la rge-sca le  annea l ing  o f  folded-chain c r y s t a l s .  

The o r i g i n  o f  t h i s  extended-chain 

In i t i a l  s t u d i e s  o f  t h e  c r y s t a l l i z a t i o n  behavior  have i n d i c a t e d  

5.0 C r y s t a l l i z a t i o n  o f  Polymers 

Personnel: Professor  D. R. Uhlmann; P. D. Calvert 

The e f f e c t  of  c r y s t a l l i z a t i o n  condi t ions  on t h e  morphology o f  s e m i -  

c r y s t a l l i n e  polymers i s  being i n v e s t i g a t e d ,  w i t h  i n i t i a l  a t t e n t i o n  being 

d i r e c t e d  t o  polyethylene and polypropylene. 

an imposed thermal  g r a d i e n t  have shed l i g h t  on t h e  process  i n  which r a d i a t i n g  

c r y s t a l l i n e  a r r a y s  are converted i n t o  h ighly  o r i e n t e d  u n i a x i a l  a r r a y s ,  and 

a l s o  i n d i c a t e d  t h e  importance o f  s t r a y  nuc lea t ion  ahead o f  advancing c r y s t a l -  

l i q u i d  i n t e r f a c e s  i n  a f f e c t i n g  t h e  f i n a l  micros t ruc ture .  

S tudies  o f  c r y s t a l l i z a t i o n  i n  

6.0 Theory o f  Di f fuse  I n t e r f a c e s  and P a r t i c l e  Coalescence 

Personnel: Professor  D. R. Uhlmann; R. W. Hopper 

The theory  of d i f f u s e  i n t e r f a c e s  is being extended t o  t reat  f i n i t e  

systems conta in ing  more than a s i n g l e  i n t e r f a c e .  

i n d i c a t e  t h a t  s u r f a c e  energy provides  a d r i v i n g  f o r c e  f o r  p a r t i c l e  coalescence,  

and t h a t  such coalescence can t a k e  p l a c e  i n  reasonable  times r e l a t i v e  t o  

experimental  observat ions.  

Prel iminary r e s u l t s  

The work on p a r t i c l e  coalescence is p r e s e n t l y  being cont inued i n  

eonsider ing t h e  e f f e c t  of  h igher  o r d e r  terms i n  t h e  f r e e  energy expansion 

employed. 

on t h e  k i n e t i c s  of  sp inodal  decomposition. 

Also being considered is t h e  e f f e c t  o f  var ious  higher  o r d e r  terms 
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7.0 C r y s t a l l i z a t i o n  and Melting i n  Glass-Forming Systems 

Personnel: P r o f e s s o r  D. R. Uhlmann; M. T s a i  

S tudies  o f  c r y s t a l l i z a t i o n  and mel t ing  i n  glass-forming systems can 

provide important  information f o r  e l u c i d a t i n g  t h e  genera l  n a t u r e  o f  c r y s t a l  

growth from t h e  m e l t .  

materials wi th  l a r g e  e n t r o p i e s  o f  f u s i o n  (ASf > 4R), 
i n t e r f a c e  is f a c e t e d  under a l l  condi t ions  of  growth and non-faceted i n  

mel t ing;  t h e  i n t e r f a c e  si te f a c t o r  i n c r e a s e s  wi th  i n c r e a s i n g  undercooling; 

and marked an iso t ropy  i s  observed i n  t h e  rates o f  c r y s t a l l i z a t i o n  and 

S t u d i e s  c a r r i e d  out  t o  d a t e  have i n d i c a t e d  t h a t  f o r  

t h e  c r y s t a l - l i q u i d  

mel t ing  i n  t h e  v i c i n i t y  o f  t h e  melt ing point .  

wi th  small e n t r o p i e s  o f  fus ion ,  t h e  i n t e r f a c e  morphologies are cbserved t o  be 

nonfaceted under a l l  condi t ions  o f  growth and mel t ing ,  t h e  i n t e r f a c e  site 

f a c t o r  is independent o f  undercooling o r  superhea t ,  and t h e  curves o f  mel t ing  

rate and c r y s t a l l i z a t i o n  rate ar6 continuous wi th  t h e  same s l o p e  through 

t h e  mel t ing  point .  

I n  c o n t r a s t ,  f o r  materials 

P r e s e n t l y  being i n v e s t i g a t e d  are t h e  k i n e t i c s  of  c r y s t a l l i z a t i o n  and 

melt ing i n  both s imple organic  and inorganic  oxide  glass-forming materials. 

Emphasis i s  being d i r e c t e d  t o  t h e  e f f e c t s  of  i m p u r i t i e s  on t h e  k i n e t i c s  o f  

c r y s t a l l i z a t i o n  and mel t ing  and on t h e  i n t e r f a c e  morphology. 

8.0 Phase Separa t ion  i n  Glass-Forming Systems 

Personnel: Professor  D. R. Uhlmann 

The phenomenon o f  l iqu id- l iqu id  i m m i s c i b i l i t y  is widespread i n  g l a s s -  

forming systems. Previous s t u d i e s  i n  t h i s  l a b o r a t o r y  and elsewhere have 

i n d i c a t e d  phase s e p a r a t i o n  i n  a l l  t h e  a l k a l i  and a l k a l i n e  e a r t h  b o r a t e s ,  i n  

two a l k a l i  s i l i ca te  systems, i n  a l l  a l k a l i n e  e a r t h  silicates, i n  t h e  system 

Si02-B203, and i n  many of  t h e  commercially important  t e r n a r y  and more complex 

systems. 

one phase i n  a m a t r i x  o f  another  phase, whi le  i n  o t h e r  cases two phases may 

be 3-dimensionally interconnected.  

I n  some cases, t h e  morphology c o n s i s t s  o f  i s o l a t e d  p a r t i c l e s  o f  

The o r i g i n  o f  these  in te rconnec ted  submicros t ruc tures  i s  p r e s e n t l y  t h e  

In  a t tempt ing  t o  d i f f e r e n t i a t e  between sp inodal  s u b j e c t  of  much d iscuss ion .  

decomposition on t h e  one hand and nuc lea t ion ,  growth and coalescence on t h e  

o t h e r ,  s t u d i e s  are now being c a r r i e d  o u t  i n  which e l e c t r o n  microscopy is 

combined wi th  small angle  x-ray s c a t t e r i n g  and l i g h t  s c a t t e r i n g  t o  e l u c i d a t e  

t h e  k i n e t i c s  and t h e  genera l  chronology o f  submicros t ruc tura l  development. 
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Also being considered are t h e  e f f e c t s  of  phase s e p a r a t i o n  on t h e  

p r o p e r t i e s  of  g l a s s e s .  

thermal  expansion c o e f f i c i e n t ,  while  f u t u r e  work w i l l  be concerned with 

v a r i o u s  conduct ive p r o p e r t i e s .  

At ten t ion  has  t h u s  f a r  been d i r e c t e d  to d e n s i t y  and 

9.0 Flow and Relaxat ion i n  Simple Liquids  

Personnel: Professor  D. R. Uhlmann 

Recent s t u d i e s  i n  t h i s  l a b o r a t o r y  of  viscous flow i n  simple organic  

l i q u i d s  have i n d i c a t e d  t h a t  t h e  temperature  dependence o f  t h e  flow behavior  

is more complex than i s  envisaged by any of  t h e  s tandard  t h e o r e t i c a l  models. 

A t  t h e  same t i m e ,  s t u d i e s  i n  inorganic  oxide  l i q u i d s  have i n d i c a t e d  a stress 
dependence a t  high stress l e v e l s  which also is not  i n  accord w i t h  t h e o r e t i c a l  

4 
expec ta t ions .  

s i t i o n  have i n d i c a t e d  a behavior  which l ikewise  is complex but  from which 

a c t i v a t i o n  energy s p e c t r a  f o r  t h e  r e l a x a t i o n  process  could be der ived.  In 
t h e  t h e o r e t i c a l  area, progress  has  been made i n  t h e  i n i t i a l  formulat ion o f  

a p o t e n t i a l  energy model flow. 

S tudies  of. volume r e l a x a t i o n  i n  t h e  v i c i n i t y  of t h e  g l a s s  tran- 

The experimental  results on flow and r e l a x a t i o n  behavior are now 

being extended t o  even s impler  l i q u i d s ,  whi le  t h e  t h e o r e t i c a l  development 

i s  d i r e c t e d  toward t r e a t i n g  in a more s a t i s f a c t o r y  fash ion  t h e  coopera t ive  

n a t u r e  o f  t h e  flow process  a t  r e l a t i v e l y  low temperatures .  

10.0 S t r u c t u r e  of  Glasses 

Personnel: Professor  D. R. Uhlmann; M. Cukiennan; Professor  B. E. Warren, 

Department of  Physics  ( r e t . )  

Recent advances in both experimental  techniques and means o f  a n a l y s i s  

have br ightened t h e  prospec ts  f o r  more d e f i n i t i v e  d i f f r a c t i o n  s t u d i e s  o f  

g l a s s  s t r u c t u r e .  

d i r e c t e d  toward t h e  e l u c i d a t i o n  of  t h e  s t r u c t u r e  of  S iO.  and B 0 

Previous s t u d i e s  u t i l i z i n g  t h e  new techniques have been 

2 2 3’ 
These techniques are now being a p p l i e d  i n  d i f f r a c t i o n  s t u d i e s  of a 

number o f  simple g l a s s e s .  The p r i n c i p a l  t h r u s t  of  t h e s e  s t u d i e s  i s  a 
determinat ion’  of  t h e  s t r u c t u r a l  state of t h e  common modifying c a t i o n s  i n  

g l a s s e s ,  t h e  e f f e c t  o f  c a t i o n  a d d i t i o n s  on t h e  framework s t r u c t u r e ,  and t h e  

r e l a t i o n  between t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  and var ious  p r o p e r t i e s  of  

t h e  g l a s s e s .  
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Personnel: Professor  D. R. Uhlmann; Professor  D. Turnbull (Harvard) 

A new form of  water, var ious ly  ca l l ed  anomalous w a t e r  o r  polywater, 

has r ecen t ly  been reported by inves t iga to r s  both here  and abroad. 

of  water, which is prepared by condensing a t  s l i g h t  under-saturations i n  

g l a s s  c a p i l l a r y  tubes,  is reported t o  have unusual p rope r t i e s ,  including a 

bo i l ing  point  as high a s  200°C, a dens i ty  as high as about 1 .3 ,  and a g l a s s  

t r a n s i t i o n  temperature about -4OOC. 

This  form 

This form of water is present ly  being inves t iga ted ,  with the  ob jec t  of 

e s t ab l i sh ing  the  r o l e  - i f  any - of impur i t ies  on t h e  reported proper t ies  and 

improving our  understanding of the  s t r u c t u r e  - prope r t i e s  r e l a t i o n  f o r  t h i s  

mater ia l .  

Thesis  

J. B. Park, "Deformation and Annealing of Amorphous and Semi-crystalline 

Polymers", S.M. Thesis ,  Department of Metallurgy and Mater ia l s  Science, 

June, 1969. 

Publ ica t ions  : 

R. M. K i m m e l  and D. R. Uhlmann: "On the  Energy Spectrum of  Densified S i l i c a  

Glass", Phys. Chem. Glasses lo, 1 2  (1969). 

R. M. K i m m e l  and D. R. Uhlmann: "Activation Energy Spectra  f o r  Relaxation i n  

Amorphous Mater ia ls :  I. Volume Relaxation i n  Polystyrene and Polyvinyl 

* Acetate", accepted f o r  publ ica t ion ,  J. Appl. Phys. 

P. D. Calver t  and D. R. Uhlmann: "Thermal Ef fec ts  of  Shear i n  Opposed Anvil 

High Pressure Devices", accepted f o r  publication', Am. Mineralogis t .  
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XIV . X-RAY AND ELECTRON OPTICS LABORATORY 

(Personnel  f r o m  Department o f  Meta l lurgy  and Materials Sc ience  
excep t  where i n d i c a t e d )  

Facu l ty  : 
R. E. Og i lv i e ,  P r o f e s s o r  

Research S t a f f :  
A. S a f f i r ,  DMD, P o s t  Doctora l  Fel low,  N u t r i t i o n  and Food S c i .  
L. S u t f i n ,  DDS, P o s t  Doctora l  Fel low,  N u t r i t i o n  and Food Sc i .  

Graduate  S tuden t s :  
J. S. Duerr, Research A s s i s t a n t  
W. K. Jones,  Teaching A s s i s t a n t  
C. Lyman, Teaching A s s i s t a n t  

Support  S t a f f :  
J. A. Adario,  Technic ian  
J. I. Herman, Technic ian  
Peggy Carney, S e c r e t a r y  

Sponsorship:  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion ,  NsG-496 ( p a r t )  , 

DSR- 7 0 4 7 9 
O f f i c e  o f  Naval Research,  NR-105-094, DSR-77590 
Nat iona l  I n s t i t u t e  o f  Dental  Research, DE-105, DSR 71687 
Smithsonian As t rophys ica l  Observatory 

Research Report: 

1 . 0  Study of Metallic Meteorites 

Personnel :  J. S. Duerr 
Sponsorship:  Smithsonian As t rophys ica l  Observatory 

Research h a s  cont inued  i n  an  effor t  t o  more f u l l y  d e f i n e  
t h e  thermal-mechanical  h i s t o r y  o f  metallic meteorites. The 
s p e c i f i c  g o a l  i n  t h e  p r e s e n t  work is  t o  de termine  t h e  role of 
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each of s e v e r a l  poss ib l e  phase t ransformations i n  t h e  formation 
of p l e s s i t e  and t h e  temperatures a t  which such t ransformations 
occur f o r  the composition and cool ing rates r e p r e s e n t a t i v e  of  
metal l ic  meteori tes .  A number of me teo r i t e s  have been s e l e c t e d  
from t h e  d i f f e r e n t  c l a s s i f i c a t i o n s  based on bulk n i c k e l  content ,  
Ga-Ge con ten t ,  and cool ing rate. The p l e s s i t e  areas i n  each 
sample are being analyzed with the e l e c t r o n  microanalyzer t o  
determine n i c k e l  and carbon concentrat ion p r o f i l e s .  For t h i s  
s tudy an automated s t epp ing  system w a s  constructed f o r  the elec- 
t r o n  microanalyzer t o  f a c i l i t a t e  t h e  carbon a n a l y s i s .  The sam- 
p l e  i s  automatical ly  t r ave r sed  a set  d i s t a n c e ,  a delay pe r iod  is 
introduced t o  allow removal of su r f ace  carbon contamination, and 
t h e  n i c k e l  and carbon X-ray i n t e n s i t i e s  a r e  recorded by type- 
w r i t e r .  

2 .0  Non-Dispersive X-ray Analysis With t h e  Scanning Electron 
Microscope 

Personnal: L. S u t f i n  
Sponsorship: Nat ional  I n s t i t u t e  of Dental Research: Off ice  of 

Naval Research 

The a i m  of t h i s  work i s  t o  improve on t h e  s p a t i a l  resolu-  
t i o n s  t h a t  are ob ta inab le  with the  conventional e l e c t r o n  micro- 
analyzer .  

Techniques f o r  improving the e f f i c i e n c y  of X-ray d e t e c t i o n  
are being developed f o r  use i n  analyses i n  which volumes with 
submicron dimensions are of i n t e r e s t .  This i s  necessary i f  
e lemental  d i s t r i b u t i o n s  within cells  and t h e  na tu re  of  i n t r a -  
c e l l u l a r  o rgane l l e s  are t o  be s tudied.  The scanning e l e c t r o n  
microscope w i l l  be u t i l i z e d  f o r  v i s u a l i z a t i o n  and e x c i t a t i o n  of 
t h e  sample. Non-dispersive a n a l y s i s  of  X-ray s p e c t r a  i s  being 
employed. Emphasis i s  being placed on l i g h t  element de t ec t ion .  

p ropor t iona l  coun'ter are being used t o  d e t e c t  X-ray s i g n a l s  gen- 
e r a t e d .  The d e t e c t i o n  covers B e  Kcr through t h e  maxium energy 
e x c i t e d  by t h e  20  KV beam. Energy r e s o l u t i o n  ranges from 180  ev 
f o r  B e  Kci t o  620 ev f o r  photons with ene rg ie s  near  20 XeV. The ' 

output  i s  displayed on a 1 0 2 4  channel analyzer  with spectrum 
s t r i p p i n g  and i n t e r g r a t i o n  c a p a b i l i t i e s .  P l o t t e d ,  p r i n t e d  and 

Both a l i t h ium d r i f t e d  s i l i c o n  d e t e c t o r  and a gas flow 
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punched paper t a p e  ou tpu t s  are a v a i l a b l e .  
The system is app l i cab le  t o  any material and analyses  of  

A s Z S e j  - Sb2Se3 systems, f a i l u r e  analyses ,  and i d e n t i f i c a t i o n  of 
phases i n  d e n t a l  amalgam have been performed. 

b i o l o g i c a l  material  with a r e s o l u t i o n  of lOOOi. 
one a r d e r  of magnitude b e t t e r  than t h a t  done i n  conventional 
probe a n a l y s i s .  

It should be p o s s i b l e  t o  analyze microtome s e c t i o n s  of 
This would be 

3.0 E lec t ron  Energy Analysis i n  Electron Microscopy 

Personnel: C. Lyman 
Sponsorship: Metallurgy Department 

An e l e c t r o n  energy analyzer  i s  being b u i l t  f o r  i n s t a l l a t i o n  
i n  a commercial 1 0 0  KV e l e c t r o n  microscope. This  analyzer  can 
image e l e c t r o n s  which have l o s t  var ious amounts of  energy upon 
passing through a t h i n  specimen. To  d i s p e r s e  t h e  e l e c t r o n  beam 
a t r i a n g u l a r  magnetic prism i s  incorporated between t h e  o b j e c t i v e  
and in t e rmed ia t e  l e n s e s  of  t h e  microscope. 

I n  t h e  conventional microscope both e l a s t i c a l l y  s c a t t e r e d  
and i n e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s  go through the  o b j e c t i v e  
ape ra tu re  and c o n t r i b u t e  t o  the  image. I f  t h e  i n e l a s t i c a l l y  
s c a t t e r e d  e l e c t r o n s  are removed, chromatic abe r ra t ion  is  mini- 
mized and t h e  c o n t r a s t  i s  improved. This decrease i n  chromatic 
a b e r r a t i o n  would be h e l p f u l  i n  t h e  a n a l y s i s  of b i o l o g i c a l  speci-  
mens and would a l s o  a i d  i n  t h e  imaging of l a t t i ce  planes.  

An image may a l s o  be formed s o l e l y  by e l e c t r o n s  with the  
plasma energy loss c h a r a c t e r i s t i c  of a c e r t a i n  element o f  com- 
pound; t h e  b r i g h t n e s s  of t h e  image being dependent upon t h e  con- 
c e n t r a t i o n  of  t h e  element o r  compound. High r e s o l u t i o n  micro- 
a n a l y s i s  on t h e  o rde r  of 1 0 0  can be performed with t h i s  tech- 
nique. 

4 .0  Dynamik S tud ie s  a t  Temperature on t h e  Scanning Electron 
Microscope 

Personnel: W. K. Jones 
Sponsorship : Metallurgy Department 
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Because of t he  large depth of f i e l d  and high r e s o l u t i o n  
t h e  S.E.M. i s  being u t i l i z e d  t o  s tudy dynamic k i n e t i c  r eac t ions .  
A ho t  s t age ,  capable of 1000°C, has been cons t ruc t ed  and coupled 
with a v i s u a l  recording system, allows k i n e t i c  r e a c t i o n s  t o  be 
s t u d i e d  as they occur.  

S i n t e r i n g  of meta l l ic  microspheres, as an example, can 
occur by fou r  p o s s i b l e  mechanisms: evaporation-condensation, 
su r f ace  d i f f u s i o n ,  viscous flow, and bulk d i f f u s i o n .  Research 
i n  t h e  f i e l d  has  p r i m a r i l y  been concerned with determining t h e  
primary mechanism f o r  t h e  material  s tud ied .  Using t h e  dynamic 
approach and t h e  high magnif icat ion which can be obtained with 
t h e  scanning e l e c t r o n  microscope, w e  hope t o  o b t a i n  a b e t t e r  
understanding of t h e  rate . con t ro l l i ng  mechanism during t h e  
var ious s t a g e s  of s i n t e r i n g .  

Besides s i n t e r i n g ,  o t h e r  t o p i c s  of  i n t e r e s t  include phase 
t ransformations and high d i f f u s i v i t y  mechanisms. Pear l i te  t r a n s -  
formation, i n  both hypo and hype reu tec t i c  steels, i s  c u r r e n t l y  
being i n v e s t i g a t e d .  

5 . 0  B io log ica l  Applicat ions of t he  Electron Microprobe 

Personnel:  A.  S a f f i r  
Sponsorship: Nat ional  I n s t i t u t e  of Dental  Research: Of f i ce  of 

Naval Research 

By developing methods t o  overcome mul t ip l e  o rde r  s p e c t r a l  
i n t e r f e r e n c e  w e  have improved t h e  c a p a b i l i t y  of t h e  e l e c t r o n  
beam microanalyzer t o  permit t h e  a n a l y s i s  of  f l u o r i n e  i n  t h e  
presence of  phosphorus and t o  accu ra t e ly  measure t h e  Ca/P r a t i o  
i n  b i o l o g i c a l  specimens. 
s e v e r a l  independent s i g n a l s  from t h e  s e v e r a l  elements i n  s p e c t r a l  
i n t e r f e r e n c e  by employing pu l se  h e i g h t  ana lys i s .  

s tudy t h e  r e l a t i o n s h i p  between d e n t a l  caries s u s c e p t a b i l i t y ,  
t o o t h  chemistry and d i e t .  Within a few days a f t e r  e rup t ion  as 
much as 1 , 0 0 0  ppm of f l u o r i n e  is t o  be found w i t h i n  2 p  of the  
s u r f a c e  of t h e  too th  and t h i s  concentrat ion decreases  more than 
f i v e  f o l d  a t  a depth of lop. 

Our technique c o n s i s t s  of measuring 

The unique c a p a b i l i t i e s  of  t h e  instrument  w e r e  u t i l i z e d  t o  

W e  have a l s o  observed t h a t  TMP (tr imetaphosphate) , a 
d i e t a r y  c a r i o s t a t i c  agen t ,  enhances t h e  maturation of young post-  
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e r u p t i v e  su r face  enamel by inc reas ing  the  Ca/P r a t i o .  

Pub l i ca t ions  : 
L. V. S u t f i n ,  R. E. Og i lv i e ,  R. S. Harris,  "Select ions of  

Optimum Pulse Height Analysis Window", 4th N a t ' l .  Conf. on 

E lec t ron  Microprobe Analysis,  1969. 

R. E. Og i lv i e ,  "Quan t i t a t ive  X-Ray Analysis With t h e  Scanning 

Electron Microscope", Proceedings of the  2nd Annual 

Scanning Electron Microscope Symposium, 1969. 

J. S. Duerr, J. Adario, R. E .  Og i lv i e ,  "Automated Stepping System 

f o r  Carbon Analysis",  Proceedings of the  4th N a t ' l .  Conf. 

on E lec t ron  Microprobe Analysis,  J u l y ,  1969. 

of Fluorine i n  'Teeth", Programs and Abstracts  o f  the I n t ' l .  

Assoc. of Dental  Research, March, 1 9 6 9  (47th Gen. Meeting) 

A. J. S a f f i r ,  R. E. Og i lv i e ,  R. S.  Harris,  "Electron Microanalysis 

S. N .  Kreitzman, A. J.  S a f f i r ,  R. S. Harris, R. E.  Og i lv i e ,  

"Scanning E lec t ron  Microscopy of 'Den ta l  Caries '  Produced 

Enzymatically in -v i t ro" ,  Proceedings of t h e  4th N a t ' l .  
COnf. on E lec t ron  Microanalysis,  J u l y ,  1969. 

E l e m e n t  Analysis with a S ing le  X-ray Spectrometer" , Pro- 

ceedings of 4th N a t ' l .  Conf. on E lec t ron  Microanalysis 

A. J. S a f f i r ,  R. E. Og i lv i e ,  R. S.  Harris, "Siniultaneous Multi- 



SECTION C - METALLURGY AND MATERIALS SCIENCE 245 

xv . NUCLEAR MATERIALS LABORATORY 

Facu l ty  : 

T.  0. Ziebold, Assoc ia t e  P r o f e s s o r  of Nuclear Materials, 
Nuclear Engineer ing  

Graduate  S tudents :  

F. B e r t e ,  Graduate  S t u d e n t  

J. N. Lamb, Research A s s i s t a n t  and Graduate  S tuden t  

. G. R. Odette,  Research A s s i s t a n t  and Graduate  S tuden t  

K .  Ohmae, Research A s s i s t a n t  and Graduate  S tuden t  

G. B. Olson,  Graduate S tuden t  

Support  S t a f f :  

J. Adario, Technic ian ,  He ta l lu rgy  

J. Herman, Technic ian ,  Meta l lurgy  

Peggy Carney, S e c r e t a r y ,  Meta l lurgy  

Degrees Granted:  

T. P. Hul ick ,  S. M . ,  Nuclear  Engineer ing ,  & Naval Engineer ing  
June 1969 

Sponsorship:  

O f f i c e  of Naval Research, N00014-67-A-0204-0013, DSR 70591 

O f f i c e  o f  Naval Research,  PO 628-79-128/69, DSR 71638 

N a t i o n a l  Sc ience  Foundat ion,  GK-1768, DSR 70588 

A t o m i c  Energy Commission, AT (30-1) -4050, DSR 71517 

Sloan Basic Research Fund, DSR 27690 



246 

Research Report 

1 . 0  Inf luence of Impur i t i e s  on the Radiation Embrittlement 
of S t e e l s  

Personnel: K .  Ohmae 
Sponsorship: Of f i ce  of Naval Research 

A f t e r  a series of experiments a t  NRL on t h e  study o f  r ad i -  
a t i o n  embrit t lement i n  s t r u c t u r a l  steels, p a r t i c u l a r l y  of  t h e  . 
inf luence of i n d i v i d u a l  and combined impur i t i e s ,  it w a s  d i s -  
covered t h a t  l abo ra to ry  pure A302-€3 steel  shows no t r a n s i t i o n  
temperature s h i f t  a f t e r  an exposure of "lo" not  ( > l M e V ) .  Ad- 
d i t i o n  of 200  ppm s u l f u r ,  however, caused t h e  upper-shelf energy 
t o  drop down t o  one h a l f  of t h a t  of f r e e  h e a t ,  al though the  t r ans -  
i t i o n  temperature a f t e r  i r r a d i a t i o n  d i d  no t  change a t  a l l .  Phos- 
phorus on t h e  o t h e r  hand e x h i b i t e d  a remarkable t r a n s i t i o n  temp- 
e r a t u r e  s h i f t  ( - 8 O O C )  a f t e r  an exposure of lo" not .  

F rac tu re  s u r f a c e s  of these  Charpy-V impact t es t  specimens 
w e r e  c a r e f u l l y  observed by the  scanning e l e c t r o n  microscope (SEM) 

and by t h e  e l e c t r o n  probe X-ray microanalyzer. Although the  SEM 

gave us some i n d i c a t i o n  of t h e  change i n  f r a c t u r e  mode by i r r a d i -  
a t i o n ,  it was found t o  be d i f f i c u l t  t o  c h a r a c t e r i z e  such a change 
i n  t e r m s  of fractography by the r a t i o  of t r ans - in t e rg ranu la r  
f r a c t u r e  a t  lower temperatures or by the  s i z e  and depth v a r i -  
a t i o n  of the dimples of tear f r a c t u r e  a t  h ighe r  temperatures.  

The e l e c t r o n  probe, i n  t u r n ,  has provided use fu l  information 
as t o  how t h e  impur i t i e s  are d i s t r i b u t e d  i n  the  matr ix  of A302-B 
s teel  i n  quest ion.  E s s e n t i a l l y  a l l  s u l f u r  added t o  t h i s  steel ,  
which contains  about 1 . 4 %  manganese, w a s  found t o  form manganese 
s u l f i d e  s t r i n g e r s , a n d  no s u l f u r  w a s  d e t e c t e d  i n  the general  
matrix.  The 300 ppm (by w e t  chemical a n a l y s i s )  was found t o  be 
d i s t r i b u t e d  homogeneously i n  t h e  steel; t h a t  is ,  no appreciable  
phosphorus segregat ion w a s  de t ec t ed  by t h e  probe (X-ray resolu-  
t i o n  on t h e  o r d e r  of a few microns).  The mechanism of r a d i a t i o n  
embrit t lement due t o  impur i t i e s  w a s  sought i n  t h i s  very d i f -  
ference of  impurity d i s t r i b u t i o n s ;  i .e. ,  e i t h e r  segregated or  
homogeneously d i s t r i b u t e d .  The former probably has l i t t l e  
e f f e c t  on t h e  embri t t lement ,  because the impurity atoms ( s u l f u r )  
are t i e d  up wi th in  and t h e  chance i n t e r a c t i o n  between the 
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r a d i a t i o n  induced d e f e c t s  and t h e  impurity atoms i s  l imi t ed .  The 
l a t t e r  (phosphorus type)  , being uniformly d i s t r i b u t e d  would i n t e r  
act  with t h e  neutron-induced d e f e c t s  and form r a t h e r  s m a l l  de- 
f e c t  c l u s t e r s ,  which would cause t h e  d i s l o c a t i o n  movement o r  t h e  
inc rease  i n  t h e  l a t t i ce  f r i c t i o n  t e r m ,  a i ,  i n  t he  Petch equat ion.  
E f f o r t s  are being made t o  c l a s s i f y  var ious impur i t i e s  i n t o  two 
c a t a g o r i e s  descr ibed above and experimentally v e r i f y  t h e  i n t e r -  
a c t i o n  of uniformly d i s t r i b u t e d  impur i t i e s  with the  r a d i a t i o n  
induced d e f e c t s .  

2 .0  S p e c t r a l  Analysis as  a Means of I n v e s t i g a t i n g  Neutron In- 
duced Hardening Detects 

Personnel:  G. R. Ode t t e  
Sponsorship: Of f i ce  of Naval Research 

Considerable progress  has been made i n  t h e  l a s t  yea r  a t  MIT 

i n  an e f f o r t  t o  relate b a s i c  r a d i a t i o n  damage mechanisms t o  the  
experimentally observed damage energy dependence. 

The experimental  po r t ion  o f  t h e  work c o n s i s t s  of t h e  ir- 
r a d i a t i o n  of t e n s i l e  t es t  specimens i n  var ious r e a c t o r  s p e c t r a  
while keeping o t h e r  experimental  v a r i a b l e s  cons t an t .  Su i t ab le  

. manufacturing and t e s t i n g  techniques f o r  s m a l l  pure i r o n  and 
pure n i c k e l  t e n s i l e  w i r e s  have been developed. A f a s t  f l u x  su r -  
vey of t h e  MITR v e r t i c a l  i r r a d i a t i o n  f a c i l i t i e s  and a prel iminary 
i r r a d i a t i o n  of t es t  samples t o  e s t a b l i s h  necessary exposure 
l e v e l s  and handling and t e s t i n g  techniques were made. 

I r r a d i a t i o n  packages t o  keep the  specimens cool  (< lOO°C)  

and dry have been designed and constructed f o r  seven i r r a d i a t i o n  

loca t ions  - t h r e e  a t  IF&, t h r e e  a t  t h e  MITR, and one a t  t h e  NCR. 

All t h e  longterm i r r a d i a t i o n s  ( 5 )  have been completed and un- 
packing of t h e  cans w i l l  begin a t  NRL soon. 

spectra-  i n  the  va r ious  i r r a d i a t i o n  f a c i l i t i e s  are being developed. 
Th i s  w i l l  be done using a set  of t e n  t o  fourteen th re sho ld  and 
resonance a c t i v a t i o n  f o i l  materials.  Procedures f o r  counting t h e  
f o i l s  have been e s t ab l i shed .  
f o i l s  showed r e s u l t s  c l o s e  t o  those  expected a t  ene rg ie s  above 1 
meV, and more ex tens ive  runs are being made c u r r e n t l y .  Short  
t e r m  t e n s i l e  i r r a d i a t i o n s  ( <  1 week) w i l l  be run as soon a s  

Techniques f o r  t he  measurement a t  the neutron f l u x  and 

Preliminary measurements using f i v e  
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f u l l y  t e s t e d  f o i l  packets  are available. 

d a t a  generated i n  t h e  experiment. The GAMZ; computer code is 
being used t o  reduce t h e  a c t i v a t i o n  d a t a  t o  a s u i t a b l e  form. 
This  d a t a  i s  then f ed  i n t o  SAND 11, which w a s  obtained from ORNL 
and is now running on t h e  MIT 360-65. SAND 11 i s  used t o  un- 
ravel t h e  neutran s p e c t r a  from the  s a t u r a t i o n  a c t i v i t i e s  f o i l  
c r o s s  s e c t i o n s  and an i n i t i a l  guess. The inpu t  guess i s  gen- 
e r a t e d  by t h e  reactor physics  t r a n s p o r t  code ANSfN. Other ap- 
proaches t o  unfolding neutron s p e c t r a  from f o i l  measurements 
are being pursued a t  MIT and it is hoped t h a t  t h e s e  w i l l  be used 
i n  t h i s  work. 

Much e f f o r t  has gone i n t o  methods t o  reduce and analyze the 

SAND I1 i s  being modified t o  a t tempt  t o  unfold an experimen- 
t a l  damage response func t ion  from the  measured s p e c t r a  and 
changes i n  t e n s i l e  p r o p e r t i e s .  These damage func t ions  w i l l  be 
compared t o  a n a l y t i c a l  funct ions.  

response func t ions  f o r  var ious d e f e c t  models whibh hopeful ly  
span t h e  range of p r o b a b i l i t i e s .  Programs f o r  t h e s e  c a l c u l a t i o n s  
have been developed t o  a higher  degree of s o p h i s t i c a t i o n ,  re- 
f l e c t i n g  such in f luences  as  i n e l a s t i c  and n o n i s t r o p i c  e las t ic  
s c a t t e r i n g .  Poss ib l e  d e t a i l e d  knockon energy loss behavior and 
poss ib l e  damage zone conf igu ra t ions  p red ic t ed  by computer simu- 
l a t i o n s ,  both before  and a f t e r  thermal  and mechanical rearrange- 
ments. Curves f o r  a whole range of  poss ib l e  s i t u a t i o n s  w i l l  be 
constructed.  

Work has continued on t h e  generat ion of a n a l y t i c a l  damage 

The next  few months w i l l  see the mechanical t e s t i n g  of t h e  
i r r a d i a t e d  w i r e s ,  i r r a d i a t i o n  and counting of  f o i l  packets  i n  a l l  
t h e  experimental  l o c a t i o n s ,  and t h e  use of SAND I1 t o  unravel 
t h e  neutron s p r c t r a .  An exhaust ive series of  runs using the  
modified SAND I1 w i l l  be  made t o  compare t h e  a n a l y t i c a l  models 
with t h e  experimental  d a t a  w i l l  be undertaken. The r e s u l t s  of 
t h e s e  tests wiLl be s t u d i e d  i n  t e r m s  of  t he  damage d e f e c t ,  i n -  
c luding i t s  gene ra t ion ,  rearrangement and i n t e r a c t i o n  with d i s -  
l o c a t i o n s  t o  produce mechanical property changes. Hopefully t h i s  
w i l l  h e l p  c l a r i f y  t h e  b a s i c  nature  of f a s t  neutron r a d i a t i o n  
damage. 
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3.0 MIT Reactor Cryostat  Design 

Personnel: F. J. B e r t e  
Sponsorship: Nat ional  Science Foundation 

An i n - p i l e  cryogenic i r r a d i a t i o n  f a c i l i t y  i s  being con- 
s t r u c t e d  f o r  t h e  MIT Reactor. The c r y o s t a t  w i l l  be loca t ed  i n  t h e  
c e n t r a l  f u e l  element of t h e  r e a c t o r ,  where the neutron f l u x  i s  
approximately 17 x l O I 3  (neutrons/cm2 sec.). Sample temperatures 
i n  t h e  c r y o s t a t  as low as 5'X w i l l  be maintained by use of a 
l i q u i d  helium r e f r i g e r a n t .  An out-of-pi le  t e s t  c r y o s t a t  has  
been cons t ruc t ed  and i s  now being used t o  eva lua te  h e a t  t r a n s -  
f e r  performance and var ious s a f e t y  parameters p r i o r  t o  the f i n a l  
f a b r i c a t i o n  and i n s t a l l a t i o n  of t h e  in-core c r y o s t a t .  

It i s  intended t h a t  t h i s  i n - r eac to r  c r y o s t a t  w i l l  be a 
c e n t r a l  f a c i l i t y  a v a i l a b l e  t o  a l l  M I T  f a c u l t y  and s tuden t s  i n t e r -  
e s t e d  i n  low temperature r a d i a t i o n  damage s t u d i e s .  

4 .0  Microcracking i n  Welds of N i c k e l  B a s e  Alloys 

Personnel:  J. N .  Lamb 
Sponsorship: Atomic Energy Commission 

The e l e c t r o n  microprobe has been used t o  s tudy the  re- 
d i s t r i b u t i o n  of  a l l o y  elements near fus ion  welds of  n i cke l  base 
a l l o y s .  Microckacking during welding has  been previously shown 
t o  be caused by g r a i n  boundary l i q u i d  f i l m  of unknown o r i g i n .  
Microprobe d a t a  permits  q u a n t i t a t i v e  measurement of a l l o y  seg re -  
ga t ion  i n  g r a i n  boundaries.  Recent work has shown t h a t  g r a i n  
boundary segregat ion i s  caused by s o l i d i f i c a t i o n  of a two-phase 
s t r u c t u r e  near  t h e  weld molten zone. 

5.0 Simulation of High Neutron Flux 

Personnel: T. P. Hulick 
Sponsorship: Of f i ce  of  Naval Research 

It i s  known t h a t  d e f e c t s  are produced i n  a c r y s t a l l i n e  
s o l i d  when t h e  c r y s t a l  is  exposed t o  bombardment by e n e r g e t i c  
neutrons.  Semiconductor material is e s p e c i a l l y  s e n s i t i v e  t o  
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i r r a d i a t i o n  when used as a semi-conductor device s i n c e  minute 
phys i ca l  changes i n  a semi-conductor can cause l a r g e  e l e c t r i c a l  
changes. A s  nuclear  r e a c t o r s  of  higher  f a s t  neutron f luxes  are 
developed (10' 6n/cm2/sec and above) , f i r s t  hand experiments i n  
t h e s e  f l u x  ranges on i r r a d i a t i o n a l  behavior of  semi-conductor 
material  w i l l  be poss ib l e .  The e f f e c t s  of very high neutron 
f l u x  bombardment on semi-conductor m a t e r i a l  a t  room temperature 
can be simulated by i r r a d i a t i o n  a t  t h e  l i q u i d  helium temperature 
and anneal ing a t  room temperature.  

The t i m e  of i r r a d i a t i o n  a t  4 . 2 O K ,  t he  t r a n s i t  t i m e  i n  heat-  
i ng  t h e  semi-conductor m a t e r i a l  t o  room temperature o r  some 
o t h e r  d e s i r e d  e l e v a t e d  temperature,  t he  l eng th  of t i m e  t h a t  the 
specimen i s  he ld  a t  t h e  annealing temperature and t h e  length of 
t i m e  involved i n  cool ing the  sample back down t o  4 . 2 O K  must a l l  
be c o n t r o l l e d  according t o  t h e  experimenter ' s  s p e c i f i c a t i o n s .  
Also, some property of  t h e  sample must be cons t an t ly  monitored 
so t h a t  the appropr i a t e  changes i n  t h e  chosen property can be 
observed. The phys ica l  property most e a s i l y  measured remotely 
is electr ical  r e s i s t a n c e  o r  r e s i s t i v i t y .  

The design of a s a t i s f a c t o r y  semi-conductor ho lde r ,  a sam- 

p l e  h e a t e r ,  and ohmic con tac t  €o r  continued i n - p i l e  usage t h a t  
can withstand hundreds of repeated heating-cooling cyc le s  from 

* 4.2OK t o  270°K and t h e  a s soc ia t ed  instrumentat ion necessary t o  
provide c o n t r o l l e d  hea t ing  and cool ing of t h e  sample and con- 
t inuous monitoring of r e s i s t a n c e  of t he  semi-conductor sample 
are t h e  accomplishments of t h i s  t h e s i s .  

Publ icat ions:  
H. F. Bowman, J. L. Smith, Jr., and T .  0. Ziebold,  "The Inf luence 

of Nuclear Radiation of Pool-Boiling H e a t  T rans fe r  t o  Liquid 
H e l i u m " ,  Trans. ASME, ( p r e p r i n t  68-WA/PID 3). 

H .  F.  Bowman, T. 0. Ziebold and J .  L. Smith, Jr., "Low Temp- 
e r a t u r e  Thermal Conductivity of Copper I r r a d i a t e d  with 
Reactor Neutrons," Proc. Eighth Conf. on Thermal Cond., 1969. 
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I. MECHANICS OF DUCTILE FRACTURE 

Facultv: 
F. A. McClintock, Professor, Mechanical Engineering 
A. S .  Argon, Professor, Mechanical Engineering 
C. A. Berg, Associate Professor, Mechanical Engineering 

Graduate Students: 
J. CJ. Carson, Research Assistant, Mechanical Engineering 
J. Joyce, Research Assistant, Yechanical Engineering 
D. M. Tracey, Research Assistant, Mechanical Engineering 
I. F. Stowers, Research Assistant, Mechanical Engineering 
J. Delahanty, Undergraduate Assistant, Mechanical Engineering 
J. Eckerle, Undergraduate Assistant, Yechanical Engineering 
L. Miller, Undergraduate Assistant, Physics 
R. Harrington, Undergraduate Assistant, Mechanical Engineering 
C. Weissgerber, Undergraduate Assistant, Mechanical Engineering 

Support Staff: 
W. Henry, Instrument Maker, Mechanical Engineering (part time) 
R. Leonard, Instrument Maker, Mechanical Engineering (part time) 
R. M. Graudins, Secretarv, Mechanical Engineering (part time) 

Personnel who have left: 
J. A. Joyce (Now at the Draper Laboratory, M.I.T.) 
D. M. Tracey (Now at Brown University, Providence, R. I.) 

Degrees Granted: 
J. Tirosh, Sc.D., Yechanical Engineering, June 1969 
I.  F. Stowers, M.S., Mechanical Engineering, September 1969 
R. Harrington, B.Sc., Mechanical Engineering, May 1969 

Sponsorship: 
National Science Foundation, GK-l875X, DSR 70615 
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Research Report 

Distributions of stress and strain are being sought for the inclusions, 
phase bovndaries, and holes where ductile fracture nucleates, as well as 
around the tip of a growing crack. 
criteria that are being checked experimentally and are to be used to predict 
ductile fracture in structures and in metal processing. 

These results are used to suggest fracture 

1.0 Local Mechanisms of Ductile Fracture 

Experiments on crack propagation from grooves under combined shear and 
tension show that although the fracture surface is formed by hole growth and 
coalescence, the material just  beneath the surface is almost entirely intact. 
This indicates that as the crack grows, only the interaction with the next 
hole or two is important. 
at 5 45' rather than directly ahead of the crack are likely to be the impor- 
tant ones. 

Analysis and experiment both show that the holes 

Experiments are being run on asymmetric, fully plastic specimens to 
determine the effect of kind of flow field at a given triaxiality. 

2.0 Analytical Results 

An anisotropic analysis has been developed for the plastic stress, 

strain, and displacement around cracks in highly anisotropic, uniaxially 
reinforced composites. For growing cracks in isotropic materials, the plas- 
tic zone has been modeled by two rows of edge dislocations, the rows parallel 
to the crack with Burgers vectors normal t o  the crack. 
added to these rows and are then left behind by the growing crack. The re- 
sulting residual stress seems to have small effect on the plastic zone, com- 

pared to that found by Chitaley for longitudinal shear parallel to the leading 
edge of the crack. 

The dislocations are 

3.0 Numerical Results 

The numerical solution of elastic-plastic and rigid-plastic problems by 
the superposition of stress fields of screw dislocations has to be completed 
for longitudinal shear with traction boundary conditions, and a user's manual 
is in preparation. A method has been formulated for treating general plane 

strain boundary conditions that are specified by a traction-displacement 
relation. Graphical techniques have been developed for computer plotting of 
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a l l  components of plane s t r a i n  f i e l d s ,  f o r  easier comprehension of  t he  re- 
s u l t s .  

l i n e  f i e l d s  from computer r e s u l t s ,  so t h a t  fu r the r  development can be done 

ana ly t i ca l ly ,  

This  is p a r t i c u l a r l y  va luable  i n  determining the  r i g i d - p l a s t i c  s l i p  

Thekes : 

J. Tirosh,  "St ress  and S t r a i n  i n  Elas to-Plas t ic  Cracked Bar under Torsion and 
Longitudinal Shear," Ph.D., 

June 1969. 

Department of  Mechanical Engineering, 

I. F. Stowers, "Numerical Procedure f o r  Tension Mode Elas to-Plas t ic  Solut ion 

by Assembling Dislocat ions,"  S.M., Department of Mechanical Engineering, 

August 1969. 

R. J. Harrington, "Fracture  Toughness as Determined bv Meta l lurg ica l  Proper- 

ties," B. Sc., Department of Mechanical Engineering, May 1969. 

Publ icat  ions  : 

H. W. Huff, J. A. Joyce, and F. A. McClintock, "Fully P l a s t i c  Crack Growth 
under Monotonic and Repeated Bending," Proc. 2nd I n t .  Conf. Frac., 

Frac ture  1969, Rrighton, England, 83-93, 1969. Chapman and Hall, Ltd. 

F. A. McClintock, "Challenges i n  Frac ture  Mechanics," Proc. 11 th  Midwestern 

Mech. Conf., Developments i n  Mechanics, 5, 905-919, Iowa S t a t e  Univ. 

Press ,  Ames, 1969. 

F. A. McClintock, "Crack Growth i n  Ful lv  P l a s t i c  Grooved Tens i l e  Specimens," 

Phys. of Strength and P l a s t i c i t y ,  Orowan Anniversarv Volume, ed. by. 

A. S. Argon, 307-326, 1969, M.I.T. Press. 

C. A. Berg, "P la s t i c  D i l a t a t ion  and Void In te rac t ion , ' '  I n e l a s t i c  Behavior of  

Sol ids ,  McGraw-Hi l l ,  (Colloouium of R a t t e l l e  Memorial I n s t i t u t e ,  

Columbus, Ohio, Sept. 15-13, 1969), ( i n  p re s s ) .  

F, A. McClintock, " P l a s t i c i t y  Aspects o f  Fracture ,"  Chapter i n  Frac ture ,  by 

H. Liebowitz, Academic Press ,  ( i n  press ) ,  1969. 

J. Tirosh,  "A Direct Numerical Method f o r  S t r e s s  and S t r e s s  I n t e n s i t y  Factor 

i n  Arbi t ra ry ,  Cracked, Elastic Bars under Torsion and Longitudinal 

Shear," (submitted), 1969. 

J. Tirosh,  and F. A. McClintock, "Finding Elas to-Plas t ic  S t r e s s  and S t r a i n  i n  

Cracked Bars under Torsion and Shear by AssemblinR Screw Dislocat ions,"  

(submitted), 1969. 

C. A. Berg, "Pr inc ip les  of V i r tua l  Vork and Complementary V i r t u a l  Work €or 

Cosserat  Media," (submitted), 1969. 
A. D. Chi ta ley,  and F. A. McClintock, "Elas t ic -Plas t ic  Mechanics of Steady 

Crack Growth under Anti-Plane Shear," (submitted), 1970. 
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11. PLASTIC DEFORrMTION AIiD ST'IAIN tIARDEHIYG 

Faculty: 
A.  S. Argon, Professor, Vechanical Ennineerinq 

Research Staff: 
A. P. Tanon, Visitina Enqineer, Ilechanical Enqineerinq 

-7raduate Students: 
G. H. East, Research Assistant, Yechanical Engineering 
Id. Wu, Research Assistant, Yechanical Engineering 
T. Lundeen, tfndergraduate Assistant, tlatheinatics 

Support Staff:  
W. Henry, Instrument 'laker, ilechanical Enqineerinq 
R. Graudins, Secretary, Yechanical Enginering 

9egrees Granted: 
\*I. W U ,  SM, Mechanical Enqineerinq, September 1969 

SDOnSOrShiP: 
P!ational Science Foundation Grant GK-3700, DSR 71350 

Research Renort 

1.0 Easy Glide i n  Comer 

3 A wocess for  reducing dislocation densities t o  19 per square cm. i n  
copner sinqle crystals having the easv glide orientation used i n  nrevious 
experiments has been oerfected. In addition a precission constant s t ress  
creep machine has been developed w i t h  which thermal analysis o f  the ra te  
mechanism i n  easv g'lide will he  made. Sectionino and etching exneriments 
for  studyinq the mechanism of multiplication of secondary dislocations have 
also been started.  

2.0 Strain Hardeninq in Tunasten 

A h i q h  tenoerature-vacuum tensi le  frame bas been developed for  the 
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Instron machine and used i n  preliminary experiments on tunqsren sinqle crys- 
t a l s  w i t h  a sinqle s l i p  orientation a t  559°K and 850°K. The exoeriments 
showed that  a t  550°K the stress-strain curves are parabolic, and have the 
same general shape as a t  low temperatures. A t  850°K the stress-strain curves 
e x h i b i t  three staaes of deformation characterist ic o f  f-c-c crystals and some 
h-c-c crystals.  The results o f  a thermal analysis have shown that the rate  
mechanism i s  consistent w i t h  intersection o f  forest  dislocations. Little 
evidence for  the develoment of appreciable internal stresses was found. T h e  
wavw s l i p  bands which are observed a t  850°K correlate directly w i t h  a cel lular  
dislocation structure inside the crystals which can be revealed by etch p i t s .  
Preliminary experiments of thin film transmission electron microscopy have 
been performed and w i  11 be expanded. 

3.0 Thermallv Activated 'lotion of Dislocations Throuqh Uandcm Obstacles 

A s t a t i s t i ca l  theory for  the thermallv activated motion of dislocations 
through random obstacles has been develooed t o  exolain previously ohtained 
distrihution functions of disnlacenents of dislocations under s t ress  nulses 
in NaC1. 
distributions with internal de ta i l s  and i s  consistent w i t h  the nodel of over- 
cominq some s t a t i s t i ca l ly  overstressed obstacles followed by sideways u n z i n p i n g  
o f  the average obstacles in between. 

The theorv is  capable of successfullv connecting externallv observed 

4.1) Plast ic i tv  in Glassv ' laterials 

The uossibil i ty of dislocation motion in glassy materials was explored 
theoretically. 
onally misfit t inq particles makes i t  possible to calculate bv means of the 
Ridhagni-Asinon Theory the s t ress  necessary to displace a diSlOCatiOn in a 
olass orovided the wid th  of the principal peak of X-ray radial distribution 
functions can be taken as a measure of the tetraqonalitv strain.  The calcu- 
lated e las t ic  s!iear s t ra ins  a t  yield are i1.01 which f a l l s  consideraSl>f short 
of the measuredayield s t ra ins  of 0.1 - 0.15 i n  inorganic and polvrileric nlasses 
indicating t h a t  the vield s t ra ins  of these materials are i-iiqh because of an 
inherent l a t t i ce  resistance to  dislocation motion rcsult ina from stronr! co- 
valent bondinq or confiaurational lockina. 

Considcrinq a glass as a concentrated sol id solution of tetrag- 

Theses : 
;J. klu, "Plastic 3efomation of Tunnsten Sinnle CrvstaTs Cetween Rooa Temnera- 

ture and GOO"C" ,  SV Thesis, Deoartment of Yechanical Engineerinq, nctoher 
1963. 
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Publ ications: 
A. S. Argon, "The Yield Strength of Glasses" Presented a t  the 4th Tlicrosvmpo- 

sium on Macromolecules of the XUPAC i n  Prague, Czechoslovakia, Seotember 
1969, to  be submitted to  Haterials Science and Engineering. 

Obstacles", to  be submitted to  P h i l .  flaq. 

t o  be submitted to Phil. Vaq. 

A. S .  Argon, "Motion o f  Dislocations throuqh Thermally Penetrable Random 

A. S. Argon, and G. E. Padawer, "Plastic Deformation i n  IlaCl Single Crystals", 

111. PHYSICS OF STRENGTH AND PLASTICITY 

Facu 1 t y  : 
A. S. Argon, Professor, flechanical Engineering 

Sponsorship: 

and Mechanics Research Agency, c )  General Electric Research Laboratorv, 
d )  Boeing Scientific Research Laboratory, e) i4onsanto Research Laboratory, 
DSR 70936. 

Grants from a) Air Force Office of Scientific Research, b )  Army Materials 

Research Report 

T h i r t y  seven of the world's leading authorit ies on mechanical behavior of 
materials were invited to provide theoretical contributions i n  the f ie lds  of 
fracture, dislocations, deformation and hardening mechanisms, in engineering 
and geological applications in honor of the retirement of E. Orowan. 

Publ ications: 
A. S .  Argon, (Editor) "Physics of Strength and Plasticity",  M.I.T. Press, i n  

the press.' 
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IV. MECHANISFlS OF FATIGUE DAVAGE IN SE?lI-BRITTLE !!ATERIALS AT 
ELEVPTED TEHPERATURES AND FATIGUE IN COMPOSITES 

Facu 1 ty : 
A. S. Argon, Professor, "lechanical Engineering 

Research Staff: 
R. Safoglu, Visitinq Engineer, Mechanical Engineering 

Graduate Students: 
I ,  Choi, Research Assistant, Yechanical Engineering 
D. H. Hunt ,  Research Assistant, rlechanical Engineering 
Y. A. Patel, Research Assistant, I-lechanical Engineering 
R. !I. Wright,  Research Assistant, Metallurgy and :laterials Science 
R. Scanlan, Undergraduate Assistant, ~lechariical Engineering 

Suoport Staff:  
W. Henry, Instrument "laker, rlechanical Engineering 
R. Graudins, Secretary, Flechanical Engineering 

Personnel who have l e f t :  
Y .  A. Patel (now Research Assistant, Yechanical Engineerinq with 

R. N. Wright (now Alleqhany-Ludlum Research Laboratory, P i t t s b u r g h ,  Pa.) 
- Professor N. Cook) 

Degrees Granted: 
R. N. Wight, Sc.D. MetalIurgy, January 1969 

Sponsorship : 
Advanced Research Projects Agency, SD-90, DSR 75109 

Research Report 

1 .O Fatique Mechanisms i n  Semi-Brittle Materials a t  High Temperatures 

A tungsten wire wound zirconia tube high temperature furnace b u i l t  i n  a * 

vacuum system was designed and bui l t  to be used for the constant load ampli- 
tude SF-2 Fatigue machfne. In i t ia l  tes ts  demonstrated that  the temoeratures 
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of 160OOC are readily achievable i n  slender cantilever fatique specimens. 
Exaeriments on high temperature fatigue damase i n  'lg0 have been s tar ted to  
s t u d y  the t.ype o f  Dore damaqe observed ear l ie r  i n  L i F .  
on are  planned. 

Further exrieriments 

2.0 Fatigue Mechanisms in Semi-Brittle Materials a t  Intermediate Temperatures 

The h i g h  temperature (lOOO°C) vacuum system developed for the ear l ier  
L?F experiments has been converted for  use w i t h  the Automation Industries, 
controllable displacement fatique machine for the study of fatigue damage i n  
antimony a t  devated temperatures. Presentlv exneriments are i n  proqress to  
determine the temperature denendence of the yield s t ress  in antimony. 

3.0 Fatigue i n  Laminates 

Transparent laminates of qlass and s i lver  chloride have been prepared by 
melting t h i n  sheets of rolled silver-chloride between microscope slides.  
has now been possible to  make transparent bubble f ree  laminates of these 
materials having deliberately introduced transverse cracks i n  the glass sheets. 
The process of delamination by crack growth i n  the s i lver  chloride t o  bridge 
the transverse cracks in the glass sheets i s  now being studied as a possible 
mode of fatigue damage in laminates and fibrous composites. 

I t  

Theses : 
R. N. Wright, "Fatigue Crack Propasation i n  Iron Silicon", Sc. 9. Thesis, 

Metallurgy and Materials Science, January 1969. 

Pub1 ications : 
A. S. Argon, and J .  A. Godrick, "Fatique i n  L i t h i u m  Fluoride Sinqle Crystals 

a t  Elevated Temperatures", Czech. J. Phys. 519, 341, (1969). 
A. S. Argon, and J. A. Godrick, "Fatigue i n  L i t h i u m  Fluoride Crystals a t  Ele- 

vated Temperatures", Fracture 1969, Chapman and Hall L td . ,  576, (1969). 
A. S. Argon,.and R. :J. Wright, "Fatigue Crack Propagation in Silicon Iron" to 

be submitted to  the ASM Transactions. 
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Research Report 

1.0 Fracture of Composites 

The analytical and experimental investigation of the possible presence 

of  multi-polar s tress  e f f ec t s  in  composites (induced by the microstructure), 

and the possible influence of these e f f ec t s  on fracture was began las t  

ycar. A .  Lew investigated the e f f ec t  of couple stresses -- the s i m p l e s t  
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form of p o l a r  stress -- on t h e  s t r u c t u r e  of s i n g u l a r  deformation f i e l d s  

about  no tch  t i p s ,  and gave a g e n e r a l i z a t i o n  of Williams' now classical stress 
i n t e n s i t y  f a c t o r  t o  c h a r a c t e r i z e  such s i n g u l a r i t i e s .  

a set of experiments i n  which t h e  s i n g u l a r i t i e s  of stress and couple  stress 

a t  notch t i p s  are markedly d i f f e r e n t .  

using q u a s i - i s o t r o p i c  f i b e r  g l a s s  laminates ,  and demonstrated t h a t  i n  these  

materials couple  stress e f f e c t s  do n o t  appear;  also, Hamilton's experiments 

i n d i c a t e  t h a t  Uilliams' classical stress i n t e n s i t y  f a c t o r ,  c a l c u l a t e d  on 

t h e  assumption t h a t  couple  stresses are n o t  present ,  provides  a s u f f i c i e n t  

b a s i s  f o r  r e p r e s e n t a t i o n  of  f r a c t u r e  da ta .  The ques t ion  of whether h igher  

p o l a r  stresses may be p r e s e n t  i n  t h e  materials is s t i l l  open. 

R. F m i l t o n  devised 

IIe then c a r r i e d  o u t  these  experiments, 

R. Nel ton and C. Berg, working i n  co labora t ion  with Celanese 

Research Company Labora tor ies ,  undertook an experimental  s tudy of  f r a c t u r e  

i n  t h e  g r i p  s e c t i o n  o f  u n i d i r e c t i o n a l  f i b e r  r e i n f o r c e d  t e n s i l e  specimens. 

One product  of t h i s  e f f o r t ' w a s  t h e  design of a new system of gr ipping  t e n s i l e  

specimens t o  prevent  g r i p  f r a c t u r e ;  g r i p s  f o r  t h i s  purpose were f a b r i c a t e d  

and t e s t e d  both  a t  I1.I.T. and at  Celanese Labora tor ies .  Another product  of  

t h i s  s tudy  w a s  i d e n t i f i c a t i o n  of  some of  t h e  b a s i c  f e a t u r e s  of  s h e a r  f r a c t u r e  

i n  g l a s s  f i b e r  re inforced  material. By s tudying  e l e c t r o n  micrographs of t h e  

shear  f r a c t u r e  s u r f a c e s  it was determined t h a t  s h e a r  f r a c t u r e  which t a k e s  

p l a c e  whi le  no compression acts t r a n s v e r s e  t o  t h e  f i b e r  d i r e c t i o n ,  occurs  by 

pee l ing  a t  t h e  i n t e r f a c e  between t h e  r e s i n  and t h e  silane coa t ing  on t h e  

g l a s s .  Shear  f r a c t u r e  produced under compression, on t h e  o t h e r  hand, pro- 

ceeds through t h e  r e s i n  matrix i t s e l f .  These s t u d i e s  are being pursued 

f u r t h e r .  In addi t ion ,  t h e  process  of notch ex tens ion  i n  composites is 

being s t u d i e d  by d i r e c t  experimental  observa t ion  t o  determine how much of 

p r e s e n t l y  a v a i l a b l e  a n a l y s i s  of f r a c t u r e  processes  (e.g. " f r a c t u r e  mechanics") 

may b e  a p p l i c a b l e  to c h a r a c t e r i z a t i o n  of f r a c t u r e  i n  composites. 

Publ ica t ions ,  Theses and Reports: 

C .  A. Berg, "Kinematic R e v e r s i b i l i t y  i n  Plane Deformation of Nonlinear 

Fluids , ' '  Proc. 5 t h  I n t e r n a t ' l  Congress on Rheology, Kyoto, 1968. 

C. A. Berg, "Consenrative Behavior of  3 o n l i n e a r  F lu ids  i n  Two Dimensional 

Flow," Proc. 5 t h  I n t e r n a t ' l  Congress on Rheology, Kyoto, 1968. 

C. A. Berg, R. Melton, T. Dunn. and I. Kalmin, "An Experimental Study of 

F r a c t u r e  i n  t h e  Grip Sec t ion  of a T e n s i l e  Specimen," Fourth Annual 

Symposium on High Performance Composites a t  Il'ashington Univers i ty ,  . 
S t .  Louis, Apr i l ,  1969. 
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C. A. Eerg, "Phys ica l ly  cased Compatibi l i ty  R e l a t i o n s  f o r  N u l t i p o l a r  Xedia," 

Fourth i a t i o n a l  B r i t i s h  Coloquium on T h e o r e t i c a l  and Applied #echanics, 

Kothingham England, Narch 31-April 2, 1969. 

R. G .  Hamilton, "The E f f e c t  of Couple S t r e s s  on t h e  I n i t i a t i o n  of  F r a c t u r e  

i n  Composite Naterials," M.S. Thesis ,  Department of Hechanical Engineer- 

ing M.I'.T., January 20, 1969. 
A. Lew, "The E f f e c t s  of Couple-Stresses on t h e  S t r e s s  S i n g u l a r i t i e s  n e a r  a 

Crack Tip, ' '  X . S .  Thes is ,  Mechanical Engineering, M.I.T., August, 1969. 
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D. A. White, S. M . ,  Naval Arch i t ec tu re ,  May 1969 

Sponsorship 
A i r  Force Of f i ce  of S c i e n t i f i c  Research (OAR) ,  A F  49 (638) - 

1463, DSR 72002 

Research Report 

1.0 S i ze  E f f e c t s  i n  F i b e r  Composite Deformation 

The- dependence of t h e  mechanical p r o p e r t i e s  on f i b e r  s i z e  
and spacing of composites of Ferrovac E i r o n  f i b e r s  unidirec-  
t i o n a l l y  a l igned  i n  an OFHC copper matr ix  w a s  s tud ied .  R e -  

c r y s t a l l i z e d  composites containing 0.033 t o  0.968 volume f r ac -  
t i o n  f i b e r  with f i b e r  diameters ranging from 1 0  t o  5 x loe3 
m i l s  w e r e  f a b r i c a t e d  and t e s t e d  i n  t ens ion  a t  temperatures from 
77OK t o  373'X. The composite e las t ic  modulus followed t h e  pre- 
d i c t i o n  of t h e  r u l e  of mixtures ,  independent of f i b e r  s i z e  and 
spacing. For composites containing less than 0.3 volume frac-  

t i o n  f i b e r ,  matrix y i e l d i n g  and flow a t  low s t r a i n s  w a s  des- 
c r ibed  by t h e  Orowan and Petch formulations of d i s l o c a t i o n  - 
o b s t a c l e  i n t e r a c t i o n s  and w e r e  consequently s t rong ly  dependent 
on f i b e r  s i z e  and spacing. Matrix flow stresses a t  0 . 0 0 1  p l a s -  
t i c  s t r a i n  of over 40 ,000  pounds per square inch w e r e  observed 
i n  composites of 0 . 0 1  m i l  f i b e r  spacing. For composites con- 
t a i n i n g  g r e a t e r  than 0 .6  volume f r a c t i o n  f i b e r ,  geometrical  con- 
s t r a i n t s  i n h i b i t e d  ma t r ix  flow t o  stresses as high as 75,000 
pounds pe r  square inch.  

A range of y i e l d  stresses f o r  t h e  i r o n  f i b e r s  from 40 ,000  

pounds pe r  square inch t o  300,000 pounds pe r  square inch w a s  
observed due t o  t h e  a b i l i t y  of t h e  matr ix  t o  arrest t h e  longi- 
t u d i n a l  propagation of i n d i v i d u a l  y i e lded  regions.  Composite 

y i e l d i n g  w a s  by t h e  accumulation of i n d i v i d u a l  f i b e r  y i e l d s  when 
l a r g e  amounts of m a t r i x  were p r e s e n t  and by t h e  c a t a s t r o p h i c  
growth of y i e lded  regions when the f i b e r s  w e r e  c l o s e l y  spaced. 

Composites which d i d  no t  f a i l  during y i e l d i n g  elongated by 
Luders deformation and subsequent hardening a t  l e v e l s  de t e r -  
mined by t h e  s t r e n g t h s  developed e a r l y  i n  t h e  s t r a i n i n g .  Com- 
p o s i t e s  t e s t e d  a t  temperatures a t  which i r o n  i s  normally b r i t t l e  
deformed p l a s t i c a l l y  due t o  i n h i b i t i o n  of t h e  twining f a i l u r e  
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mechanism of i r o n .  

2.0 E lec t ron  Microscopy of a F ibe r  Composite 

Specimens of a composite c o n s i s t i n g  of continuous f i b e r s  
of  Ferrovac E i r o n  i n  a matr ix  of OFHC copper were observed by 
t ransmission e l e c t r o n  microscopy. F ibe r  s i z e s  of .005 m i l  and 
-01 m i l  a t  volume f r a c t i o n s  of . 0 3 3  and -069, r e spec t ive ly ,  were 
s t u d i e d  i n  t h e  annealed s t a t e  and a t  s t r a i n s  of 1/2% and 1%. 
An e l e c t r o l y t i c  t h inn ing  technique f o r  specimen preparat ion w a s  
developed. 

The specimens were found t o  have a very s m a l l  matrix g r a i n  
s i z e ,  about .01 t o  .02  m i l .  Grain s i z e  was l imi t ed  by f i b e r  
spacing. F ibe r s  w e r e  p r e f e r e n t i a l l y  located a t  t h e  i n t e r s e c t i o n  
of s e v e r a l  g r a i n s ,  precluding t h e  ope ra t ion  of an Orowan-type 
s t r eng then ing  of t he  matr ix  by t h e  f i b e r s .  N o  p r e c i p i t a t i o n  
due t o  i n t e r d i f f u s i o n  from t h e  f i b e r s  during f a b r i c a t i o n  w a s  
found i n  t h e  matr ix .  

D i s loca t ion  d e n s i t i e s  i n  t h e  annealed specimens w e r e  low. 
No evidence of thermal s t r a i n  due t o  d i f f e r e n t i a l  expansion of 
t h e  matr ix  and f i b e r s  w a s  found. I n  t h e  s t r a i n e d  material ,  d i s -  
l o c a t i o n  d e n s i t i e s  w e r e  high. No i n t e r a c k i o n  of d i s l o c a t i o n s  
i n  t h e  matr ix  with t h e  f i b e r s  w a s  observed. N o  d i s l o c a t i o n  sub- 
s t r u c t u r e  was found. The matr ix  s t r eng then ing  and rapid work- 
hardening were a t t r i b u t e d  t o  g r a i n  s i z e  e f f e c t s .  

3.0 Continuous Cast ing of E u t e c t i c  F ibe r  Composites Sheets 

A s tudy w a s  made of the  p o t e n t i a l  f o r  r ap id  growth of eu tec-  
t i c  f i b e r  composite materials. The f e a s i b i l i t y  and condi t ions 
f o r  t h e  production of u n i d i r e c t i o n a l l y  a l igned f i b e r  composites 
from t h e  m e l t  w e r e  e s t a b l i s h e d  r e c e n t l y  by Mollard and Flemings. 
Furthermore, it w a s  demonstrated by Marsh i n  an earlier s tudy 
of t h i s  p r o j e c t  t h a t  it i s  poss ib l e  t o  grow an A1-A13Ni e u t e c t i c  
f i b e r  composite i n  conf igu ra t ions  appropr i a t e  t o  rapid growth 
cond i t ions .  

I n  order  t o  maintain a f i b e r  s t r u c t u r e  with inc reas ing  
growth rates, t h e  r a t i o  of temperature g r a d i e n t  i n  the l i q u i d  
to  growth rate (G/R) must be maintained constant .  A high r a t e  
of h e a t  e x t r a c t i o n  i s  r equ i r ed  a t  t h e  growing solid i n t e r f a c e .  



265 SECTION D - MATERIALS ENGINEERING 

I n  a d d i t i o n  t h e  h e a t  m u s t  be e x t r a c t e d  along t h e  f i b e r  d i r ec -  
t i o n .  

I n i t i a l  a t tempts  t o  produce f i b e r  cromposite s t r i p s  a t  high 
growth rates proved unsuccessful ,  though s u f f i c i e n t  evidence 
w a s  obtained t o  demonstrate the f e a s i b i l i t y  of t h e  p r o j e c t .  
second e f f o r t  t o  produce t h e  f ibe r - r e in fo rced  mater ia l  i n  rod 
form proved easier t o  c o n t r o l  and q u i t e  success fu l .  The f a s t e s t  
growth rate f o r  t h e  A1-A13Ni  f i b e r  composite previously reported 
i n  t h e  l i t e r a t u r e  was about 30 cm/hour. I n  t h i s  work, a f i b e r  
composite w a s  grown a t  95 cm/hr with a f i b e r  spacing of 0 .9  

microns. Y e t  h igher  rates are probably poss ib l e .  

A 

Although f u r t h e r  work i s  r equ i r ed  to determine the  use fu l  
range of a p p l i c a t i o n  f o r  r ap id  e u t e c t i c  f i b e r  growth i n  com- 
p o s i t e  product ion,  i t  s e e m s  t h a t  t h i s  o r  s i m i l a r  processing 
methods w i l l  prove important i n  f u t u r e  a p p l i c a t i o n s .  

4.0 The E f f e c t  of t h e  I n t e r f a c e  Compound on the  Tens i l e  
S t r eng th  of an Aluminum Matrix - Boron Fiber  Composite 

A study w a s  made of t h e  e f f e c t  of i n t e r m e t a l l i c  compound 
formation upon t h e  s t r e n g t h  of aluminum m a t r i x .  - boron f i b e r  
composites. Composites containing a 6 volume % of 4 m i l  boron 
f i b e r s  were prepared by vacuum i n f i l t r a t i o n .  

growth of t h e  compound A I B Z  a t  t h e  f i b e r  - matrix i n t e r f a c e .  
Samples h e a t  t r e a t e d  i n  t h e  s o l i d  aluminum matr ix  region showed 
no v i s i b l e  compound formation, although t h e  boron f i b e r s  ex- 
h i b i t e d  some a t t a c k  azter  prolonged hea t ing  ( 6 4  hours a t  60OOC 

o r  24 hours a t  65OOC). Compound formation d i d  occur i n  samples 
h e a t  t r e a t e d  above t h e  melt ing p o i n t  of t h e  aluminum matr ix  
(720O t o  8OOOC and t i m e s  from 5 seconds t o  6 minutes) .  These 
l a t t e r  samples w e r e  simply allowed t o  remain under t h e  h o t  
l i q u i d  aluminum ba th  a f t e r  i n f i l t r a t i o n ,  These r e s u l t s  are i n  
keeping with t h e  p rev iaus ly  repwzted work by Wolff and H i l l .  

Specimens w e r e  prepared t o  e x h i b i t  varying amounts of 

Tens i l e  specimens prepared from the  r eac t ed  samples showed 
roughly s ix  t e n t h s  of t h e  s t r e n g t h  expected f o r  t h e  mixture 
r u l e  value,  i f  t h e  c a l c u l a t i o n  suggested by Heitman were used . .  
I n  t h i s  c a l c u l a t i o n ,  t h e  reduced volume f r a c t i o n ,  i .e.,  t h e  
f i b e r  area excluding the b r i t t l e  compound formed, is  used as 
a measure of volume f r a c t i o n .  A number of p o s s i b l e  reasons f o r  
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t h e  low observed s t r e n g t h  inc lude  ma t r ix  v o i d s ,  nonuniform 
f i b e r  spac ing ,  f i b e r  a l ignment  ( though i n  most cases t h e  a l i g n -  
ment proved q u i t e  good) and p o s s i b l e  nonuniform f i b e r  s t r e n g t h  

w i t h  un reac ted  material .  
M u l t i p l e  f r a c t u r e s  w e r e  observed i n  each i n d i v i d u a l  f iber 

b e f o r e  Composite f a i l u r e ,  as w a s  r e p o r t e d  ear l ier  by Heitman. 
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C. Huang, Research A s s i s t a n t ,  Mechanical Engineer ing  

Y. Kadman, Research A s s i s t a n t ,  Mechanical Engineer ing  

Support  S t a f f :  

D. Eastman, S e c r e t a r y ,  Mechanical Engineer ing 

Degrees Granted:  

S. Arghyros, ‘S.M., February 1969 

N. K. J a i n ,  S.M., February  1969 

A. Maranci, S.M., February 1969  
J. N.  Shah, S.M., June  1 9 6 9  

T. Su ra iya ,  S.M., September 1969 

H. C. P a t e l ,  S . M . ,  June 1 9 6 9  
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sponsorsh ip  : 
A l l i e d  Chemical Corpora t ion  
Beaunit: Corpora t ion  
Bur l ing ton  I n d u s t r i e s ,  Inc .  
Department of  Commerce, NBS CST-164, DSR 76268 
Derby Foundat ion 
E. I. du Pont  de Nemours & C o . ,  Inc .  
C a m i l l e  and Henry Dreyfus Foundation 
I n s t r o n  Corpora t ion  
Char l e s  T. Main Company 
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Na t iona l  I n s t i t u t e s  of  Heal th ,  1-Rol-AM11919-01, DSR 7121% 
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P h i l l i p s  Petroleum. Company 
J. P. S tevens  Company 

West V i r g i n i a  Pulp and Paper Corpora t ion  
Lawson-Hemphill Company 

1 . 0  Bending Mechanisms i n  T e x t i l e  S t r u c t u r e s  
Personnel :  S. Backer, B. Hindman 

Research Report: 

This  s tudy  i s  d i r e c t e d  towards c l a r i f y i n g  t h e  role of  
i n t e r f i b e r  f r i c t i o n  on bending r i g i d i t y ,  bending h y s t e r e s i s ,  
and f l e x u r a l  r e s i l i e n c e  of  t w i s t e d  and woven s t r u c t u r e s .  

2.0 S to rage  and R e t r i e v a l  o f  T e x t i l e  Informat ion  
Personnel :  S .  Backer, E. I. Valko, R. A. Roach 

A computer ized r e t r i e v a l  system has  been developed capable  
o f  p rov id ing  m u l t i p l e  s e a r c h  s t r a t e g i e s  f o r  t h e  informat ion  
seeke r .  The language c o n t r o l  necessa ry  f o r  f i l t e r i n g  of i n p u t  
and q u e r i e s  o f  t h e  system i s  cont inuous ly  updated wi th  indexing  
exper ience .  An e x t e n s i v e  indus t ry -coope ra t ive  experiment  h a s  
been conducted i n  1 9 6 9 .  

3 . 0  
Personnel :  I. Yannas, A.  Lunn, N.  Sung, S. Kornfeld,  J. Shah 

S t u d i e s  of t h e  n o n l i n e a r  v i s c o e l a s t i c  behavior  of polymers 
are conducted i n  c r e e p ,  stress r e l a x a t i o n ,  and a t  c o n s t a n t  rate 
of ex tens ion .  Amorphous polycarbonate  and amorphous poly-  
e t h y l e n e  t e r e p h t h a l a t e  a r e  t h e  p r i n c i p a l  s u b j e c t s  of t h e i r  
s tudy .  

Nonl inear  V i s c o e l a s t i c  Behavior  o f  Polymers 
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4.0  Physicochemical and Engineering Study of Collagen 
Personnel: I. Yannas, S. Arghyros, A. Sheikh 

The determinat ion of mechanical and spec t roscop ic  proper- 
t ies of col lagen i n  var ious s ta tes  of aggregation i s  the  goa l  
of t h i s  study. 

5.0 Thermal Relaxation Phenomena i n  Polymers 
Personnel: I. Yannas, N .  J a i n ,  A. E l t ayeb i  

The isothermal  r e l a x a t i o n  of b i r e f r ingence  i n  poly- 
carbonate and o t h e r  s y n t h e t i c  polymers is under inves t iga t ion .  

6.0 H e a t  S e t t i n g  of  Nylon 6.6 
Personnel: I. Yannas, J. Shah 

A fundamental study.of t h e  hea t  s e t t i n g  process  f o r  Nylon 
6 .6  i s  conducted i n  t h e  temperature range 10O0-2OO0C i n  an 
e f f o r t  t o  e s t a b l i s h  a q u a n t i t a t i v e  b a s i s  f o r  t h i s  well-known 
i n d u s t r i a l  process.  

7.0 D i r e c t  Conversion of Chemical t o  Mechanical Energy 
Personnel: I. Yannas, M. Tu ra i ,  D. Mark 

A polymer engine,  which ope ra t e s  i so the rma l ly  between t w o  
l e v e l s  of  t h e  chemical p o t e n t i a l ,  has  been b u i l t  and is  cu r ren t -  
l y  under s tudy i n  an e f f o r t  t o  develop cr i ter ia  f o r  improvement 
of t he  p r o p e r t i e s  of t h e  working substance.  

8.0 Diffusion i n  Crosslinked Ce l lu lose  
Personnel: E. I. Valko, E. C. I be  

The d i f f u s i o n  of dyes i n  c ros s l inked  c e l l u l o s i c  materials 
such as c o t t o n ,  rayon and cellophane i s  i n v e s t i g a t e d  as an 
example of  t h e  in f luence  of c r o s s l i n k s  on t h e  d i f f u s i o n  of 
polymers i n  gene ra l .  

9.0 Theory of  Dyeing Syn the t i c  Polymers 
Personnel: E.  .I. Valko, E. C. I be ,  D. R i c e  

The theory of dyeing s y n t h e t i c  f i b e r s  by d i s p e r s e  dyes is  
i n t e r p r e t e d  i n  t e r m s  of t h e  s o l u b i l i t y  parameter theory.  
Experiments are c a r r i e d  o u t  t o  prove t h i s  hypothesis.  

Theses : 
S. Arghyros, "Dehydration of Soluble  Collagen",  S.M. , 
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Department of Mechanical Engineering, January 1969. 

Mechanical Engineering, January 1969. 
J. Shah, "The Heat Setting of Nylon 6.6", S.M., Department of 

D. Mark, "Optimizing Collagen Fibers for Use in a Collagen 
Engine", S.M., Department of Mechanical Engineering, 
August 1969. 

T. Suraiys, "Local Heat Transfer Around a Cylinder in Cross 
Flow to Dil-Polymer Solution", S.M., Department of 
Mechanical Engineering, September 1969. 

H. C. Patel, "Drafting Mechanics of Non-Homogeneous Fiber 
Blends", S.M., Department of Mechanical Engineering, June 
1969. 

A. Maranci, "Initial Modulus of Monofilaments and Wires in Axial 
Compression", S.M;, Department of Mechanical Engineering, 
February 1969. 

Publications : 
H. R. Plonsker and S .  Backer, "Dynamics of Drafting, Part 11. 

The Role of Fiber Crimp in Tensile Behavior of Slivers at Low 
Drafts or Strains", Textile Research Journal 39, 823-829 
(1969). 

S. Backer and E. 1. Valko, Thesaurus of Textile Terms, 2nd 
Edition, The M.I.T. Press, Cambridge, Massachusetts, April 
1969. 

S. Backer, J. W. S. Hearle, and P. Grosberg, "Structural 
Mechanics of Fibrous Materials", Interscience Publishers , 
New York, New York, September 1969. 

J. J. Willard, G. C. Tesoro, and E'. I. Valko, "Effect of Radial 
Location of Crosslinks in Cellulose Fibers on Fabric Proper- 
ties" , Textile Research Journal (in press) . 

C. J. Gogek, W. F. Olds, E. I. Valko, and E. S .  Shanley, 
"Preswelling of Durable Press Performance of Cotton", 
Textile Research Journal (in press). 

Dyeing Processes--Survey of Achievements and Needs in the 
Textile Industry", Textile Research Journal 2, No. 8, 
August 19 6 9. 

E. I. Valko, "Fundamental and Applied Research in the Field of 

C. J. Gogek, W. F. Olds, E. I. Valko, and E. S. Shanley, 
"Effect of Preswelling on Durable-Press Performance of 
Cotton", Textile Research Journal 39, NO. 6, June 1969. 
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J. J. Willard, G .  C. Tesoro, and E. I. Valko, " E f f e c t  of Radial  
Location of Cross l inks  i n  Ce l lu lose  F i b e r s  on Fabr i c  Proper- 
t ies" ,  T e x t i l e  Research Journa l  =, No.  5 ,  May 1 9 6 9 .  

ko,  B. B i t t e r ,  and L. Gagnon, "Observations on 
Bleaching Wool", American Dyestuff Repor te r ,  January 27, 
1969.  

I. V. Yannas, "Massive I n t e r n a l  F r a c t u r e  of an Amorphous 
Po lyes t e r " ,  Sc ience  166, 227 (1969) .  
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M.  J .  Doyle, Research A s s i s t a n t ,  C i v i l  Engineer ing 

G. F a r r a ,  Research A s s i s t a n t ,  C i v i l  Engineer ing  

H. K. F indak ly ,  Research A s s i s t a n t ,  C i v i l  Engineer ing 

P. Forootan-Rad, Research A s s i s t a n t ,  C i v i l  Engineer ing 

R. C. L a i b l e ,  Graduate  S tuden t ,  C i v i l  Engineer ing 

A .  C. Lemer ,  Teaching A s s i s t a n t ,  C i v i l  Engineer ing 

J. F. Mandel l ,  Graduate  S tuden t ,  C i v i l  Engineer ing 
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E. F. O l s t e r ,  Graduate  S t u d e n t ,  C i v i l  Engineer ing 

J, P. S c o t t ,  111, Graduate S tuden t ,  C i v i l  Engineer ing 

J. E. Soussou, Research A s s i s t a n t ,  C i v i l  Engineer ing  

J. N. S u l t a n ,  Research A s s i s t a n t ,  C i v i l  Engineer ing 
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J. L. Walkinshaw, Research A s s i s t a n t ,  C i v i l  Engineer ing 
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A .  P. Rudolph, Jr . , Machin i s t ,  C i v i l  Engineer ing 

R. E. Boyd, Admin i s t r a t ive  A s s i s t a n t ,  C i v i l  Engineer ing 
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Degrees Granted : 

J. F. E l l i o t t ,  Ph.D., C i v i l  Engineer ing ,  September 1969 

G. F a r r a ,  S.M., C i v i l  Engineer ing ,  February 1969 

M. J. Markow, S.M., C i v i l  Engineer ing ,  September 1969 

C, R. Nelson, Ph.D., C i v i l  Engineer ing ,  September 1969 
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Sponsorship: 
Listed under subheadings 
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Research Report 

1.0 Rock F rac tu re  and Tunnel l inq 

1.1 Laser-Assisted Rock C u t t i n q  

Personnel: F. J. McGarry, F. Moavenzadeh, P. Furootan-Rad, 

R. W. P r a t t ,  J .  T. King 

Sponsorship: United A i r c r a f t  Research Labora to r i e s ,  U.S. Depart- 

ment of  T ranspor t a t ion ,  Of f i ce  of High Speed Ground 

Transport ,  DSR 71551 

The purpose of  the work reported he re  i s  t o  i n v e s t i g a t e  

t h e  e f f e c t  of l a s i n g  on t h e  s p e c i f i c  energy and r a t e  of rock r e -  

moval by mechanical d i s c  c u t t e r s .  Improvements i n  e i t h e r  of  

t hese  q u a n t i t i e s  may j u s t i f y  l a s e r - a s s i s t e d  tunne1lir.g whether 

by reducing the energy requirements of rock d i s i n t e g r a t i o n  or by 

inc reas ing  tunne l l ing  advance r a t e s .  

Related Academic Subjects- 

1.41 S t r eng th  of; S t r u c t u r a l  Ma te r i a l s  

1.47 Mechanics of Mate r i a l s  

Theses : 

G. F a r r a ,  "Experimental Observations o f  Rock F a i l u r e  due t o  Laser 

Radiat ion,  " S .M. Thes i s ,  Department of C i v i l  Engineering, 

February 1969. 

C .  R. Nelson, " Inves t iga t ion  of Modes of Thermal F rac tu re  c f  Some 

B r i t t l e  Ma te r i a l s ,  " Ph.D., Department of C i v i l  Engineering, 

September 1969. 

Publ icat ions:  

F. Moavenzadeh, R. B. Williamson and F. J. HcGarry, "Use of  

Laaer and Surface Active Agents for-Excavat ion i n  Hard 

Rocks," Paper No.  SPE 2240, Proceedings o f  43rd Annual F a l l  
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Meeting of t h e  Society of Petroleum Engineers of AIME,  

Houston, September 29 - October 2 ,  1968, 

G. Fa r r a  , C. R. Nelson and F. Moavenzadeh, "Experimental Observa- 

t i o n s  o f  Rock F a i l u r e  due t o  Laser Rad ia t ion , "  Pub l i ca t ion  

R69-16, C i v i l  Engineering, MIT, A p r i l  1969. 

1 .2  Rock F rac tu re  Research 

Personnel: F. J. McGarry, F. Moavenzadeh, J. T. King, R. W. 

P r a t t  

Sponsorship: U. S .  Department of  T ranspor t a t ion ,  Northeast  Cor- 

r i d o r  Transportat ion P r o j e c t ,  C85-65, DSR 76103. 

F i e ld  s t u d i e s  o f  t he  use of  su r face  a c t i v e  agents  t o  a s s i s t  

mechanical t u n n e l l i n g  i n  hard rock a r e  under s tudy.  Advance 

rates a r e  measured over  s e v e r a l  hour i n t e r v a l s ,  i n  i d e n t i c a l  

rock,  w i th  and without  t he  s u r f a c t a n t  p re sen t  i n  the  water  used 

on the tunne l  f ace .  The e f f e c t s  of  s u r f a c t a n t  concentrat ion and 

w a t e r  temperature are being s tud ied .  Some l abora to ry  inves t iga -  

t i o n s  are under way. 

Related Academic Sub jec t s  

1.41 S t r eng th  of S t r u c t u r a l  Ma te r i a l s  

1.44 Cementitiowi Mate r i a l s  

1.46 Pc r t l and  Cement Concrete 

1.47 Mechanics of Mate r i a l s  

Publ icat ions:  

F. J. McGarry , "Fracture  MechanLsms i n  Natural  Rock, " Proceedings 

I n t e r n a t i o n a l  Conference on S t r u c t u r e ,  Sol id  Mechanics and 

Engineering Design i n  C i v i l  Engineering M a t e r i a l s ,  Univ. 'of 

Southampton, England, Apr i l  1969. 

F. Moavenzadeh, R. B. Williamson and F. J. McGarry, " U s e  of Laser 
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and Surface Active Agents f o r  Excavation i n  Hard Rocks," 

Paper No. SPE 2240 ,  Proceedings of 43rd Annual F a l l  Meeting 

of t h e  Society of Petroleum Engineers of AIME, Houston, 

September 29 - October 2 ,  1968. 

G. F a r r a ,  C. R. Nelson and F. Moavenzadeh, "Experimental Observa- 

t i o n s  of  Rock F a i l u r e  due t o  Laser Radiat ion,"  Publ icat ion 

R69-16, C i v i l  Engineering, X I T ,  A p r i l  1969. 

1.3 Shaped Charqe Rock Softeninq f o r  Continuous Tunnellinq U s e s  

Personnel: F. J. McGarry, F. Moavenzadeh, D. J. Hughes, T. J. 

Lamb 

Sponsorship: E. I. du Pont de Nemours & Co., Inc. ,  DSR 71386 

The use of shaped explosive charges with l ined  c a v i t i e s  can 

produce j e t s  of t h e  l i q u e f i e d  l i n e r  having very high v e l o c i t i e s .  

Upon s t r i k i n g  s o l i d  s u r f a c e s ,  s tagnat ion  pressures  of the  order  

of s e v e r a l  m i l l i o n  p s i  a r e  achieved. Single  cyc le  appl ica t ions  

of t h i s  phenomenon, knamn as  t h e  Munroe effect ,  produce j e t s  

capable of pene t ra t ing  2 t o  1 0  inches of such materials a s  s teel ,  

concrete ,  rock and o t h e r  metals.  Theore t ica l  and experimental 

s t u d i e s  a r e  being performed t o  evaluate  the f e a s i b i l i t y  of de- 

s igning and developing a high r e p e t i t i o n  r a t e ,  small  charge u n i t  

to protiuce such high v e l o c i t y  j e t s  i n  quasi  continuous fashion 

f o r  t h e  weakening of hard ,  s t rong  rock. The u n i t  would be in-  

tended f o r  incorporat ion i n t o  continuous tunnel l ing  machines 

which do not  funct ion e f f e c t i v e l y  i n  hard rock a t  t h e  present  

t i m e  . 

Related Academic Subjects  

1.41 Strength of S t r u c t u r a l  Mater ia ls  

1.46 Portland Cement Concrete 

1.47 Mechanics of Mater ia l s  
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2.0 Concrete and Cementitious Materials 

2.1 The Morpholosv of Hvdrated Cements 

Personnel: C. B. Arends, S. P. Shah, L. Szekessy, C. B. Doughty 

Sponsorship: The Dow Chemical Company, DSR 70243 

The hydration of portland cement is a solidification process 

that shares many characteristics with the solidification of other 

materials such as metals or polymers. One objective of this re- 

search is to observe the microstructure of portland cement and to 

determine the morphology of the hydrated components. Another ob- 

jective is to determine the relationship between structure and 

properties and, finally, to be able to control properties by con- 

trolling the microstructure. 

Related Academic Subjects 

1.41 Strength of Structural Materials 

1.44 Cementitious Materials 

1.45 Structural Design of Pavements 

1.46 Portland Cement Concrete 

Publications : 

C. B- Doughty and F. J. McGarry, “Viscoelastic and Elasto-Plastic 

Analysis of a Fiber Reinforced Composite Material,” Publica- 

tion R68-89, Civil EngineeriRg, MIT, December 1368. 

E. Tazawa, R. B. Williamson and F. J. McGarry, “Influence of 

Curing Time on,Shrinkage and Weight Loss of Hydrating Port- 

land Cement, ” Publication R68-90, Civil Engineering, MIT, 
December 1968. 

L. Szekessy, “Adhesion Between Cement Paste and Aggregate in Con- 

crete,” Publication R69-14, Civil Engineering, MIT, March 

1969. 
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F. J. McGarry, A. M.  Wil lner  and J. N. Su l t an ,  "Toughening of 

Glassy Crosslinked Polymers wi th  Elastomeric I n c l u s i o n s , "  

Pub l i ca t ion  R69-35,  C i v i l  Engineering, M.I.T., J u l y  1, 1969. 

2.2 The Re la t ionsh ip  Between Microstructure  and Mechanical 

P rope r t i e s  of Cementitious Materials 

Personnel: F. J .  McGarry, S .  P. Shah, T. W. B r e m n e r ,  P. Forootan- 

Rad, 0. E. Gjorv 

Sponsorship: Advanced Research P r o j e c t s  Agency, SD-90, DSR 78898 

2 .2 .1  S tud ie s  of I n t e r f a c e  

Microscopic and macroscopic s t u d i e s  have shown t h a t  t h e  in-  

t e r f a c e  between t h e  port land cement matrix and s tone  p a r t i c l e s  

i s  weaker than  e i t h e r  of t h e  components. As a r e s u l t ,  when con- 

crete is s t r e s s e d ,  t h e  microcracks which may o r i g i n a t e  i n  the 

ma t r ix  go around the p a r t i c l e s .  It w a s  observed t h a t  t h e  i n t r o -  

duct ion of  sand and g r a v e l  makes concrete  more tough and r e l a -  

t i v e l y  no tch - insens i t i ve .  

Using X-ray d i f f r a c t i o n  and the scanning e l e c t r o n  microscope, 

it was observed t h a t  a change i n  mic ros t ruc tu re  of cement p a s t e  

occurs  a t  t h e  i n t e r f a c e  where l a r g e  c r y s t a l s  of  Ca(0H) predomi- 

nate .  These c r y s t a l s  may a l s o  be the weak p o i n t s  i n  the cement 

pas t e  matr ix ,  Ways t o  reduce t h e  amount o f  calcium hydroxide w a s  

i nves t iga t ed  by incorporat ing s i l i c e o u s  materials which may r e a c t  

with Ca (OH)2. 

2 

2.2.2 S tud ie s  of Corrosion 

One of  ehe major problems w i t h  concrete  is i t s  d e t e r i o r a t i o n  

when exposed t o  aggressive environment such as sea w a t e r .  A n  

i n v e s t i g a t i o n  i s  under way t o  s tudy t h e  crack i n i t i a t i o n  and 

propagation i n  concrete  subjected t o  su lpha te  s o l u t i o n s .  1 t . i~  

also planned t o  explore  ways of improving c o n c r e t e ' s  d u r a b i l i t y  
by changing its mic ros t ruc tu re  by the a d d i t i o n  of pdzzolans o r  
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polymer l a t t i ces ,  o r  by changing i t s  macrostructure  by adding 

s u i t a b l e  f i b e r  reinforcements.  

Related Academic Sub jec t s  

1.40 In t roduc t ion  t o  Electron Microscopy 

1.44 Cementitious Materials 

1.46 Portland Cement Concrete 

Publ icat ions:  

E .  Tazawa, R. B. Williamson and F. J. McGarry, "Inf luence of  

Curing Time on Shrinkage and Weight Loss of Hydrating Port-  

land Cement, " Pub l i ca t ion  R6&-90, C i v i l  Engineering, MIT, 

December 1968. 

L. Szekessy , "Adhesion Between Cement Paste  and Aggregate i n  Con- 

Crete, " Pub l i ca t ion  R69-14, C i v i l  Engineering, M I T ,  March 

1969. 

2.3 F rac tu re  of B r i t t l e  Ma te r i a l s  

, Personnel: F. Moavenzadeh, S .  P. Shah, T. W.  Bremner, R. Kuguel 

Sponsorship: Ford Foundation, DSR 76393 

The purpose of  t h i s  s tudy i s  t o  provide a fundamental know- 

ledge of the mechanism of  f r a c t u r e  of b r i t t l e  m a t e r i a l s  and its 

a p p l i c a t i o n  t o  the  understanding o f  t h e  s t r e n g t h  of port land 

cement concrete .  It i s  a n t i c i p a t e d  t h a t  such a s tudy w i l l  eventu- 

a l l y  lead t o  the development of a more r a t i o n a l  method of design 

of concrete  s t r u c t u r e s ,  and t o  the  manufacture of b e t t e r  q u a l i t y  

conc re t e .  

Related Academic Sub jec t s  

1.41 S t r eng th  of  S t r u c t u r a l  Materials 

1.44 Cementitious M a t e r i a l s  
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1.45 S t r u c t u r a l  Design of Pavements 

1.46 Por t l and  Cement  Concrete 

P u b l i c a t i o n s  : 

R. C. Jones and F. Moavenzadeh, "Concrete i n  t h e  MakingIf tCivi l  

Engineer ing,  Vol. 39,  N o .  1, January  1969, 

F. Moavenzadeh and T. W.  Bremner, "F rac tu re  o f  Por t l and  Cement 

Concre t e , "  Proceedings,  I n t e r n a t i o n a l  Conference on S t ruc -  

t u r e ,  S o l i d  Mechanics, and Engineer ing  Design i n  C i v i l  En- 

g i n e e r i n g  M a t e r i a l s ,  Southampton, England, John Wiley & 

Sons, L t d  (. , 1969. 

F. Moavenzadeh and J. N e m e c ,  " V i s c o e l a s t i c  Study of Cement P a s t e , "  

Proceedings,  I n t e r n a t i o n a l  Conference on S t r u c t u r e ,  S o l i d  

Mechanics, and Engineering Design i n  C i v i l  Engineering Mate- 

r i a l s ,  Southampton, England, John Wiley & Sons, L td . ,  1969. 

R. C. Jones  and F . Moavenzadeh, "Trends i n  Con s t r u c t i o n  M a t e r i a l s  : 

An Overview," c i v i l  Engineer ing,  vol. 39, NO. 8, August 1969. 

F. Moavenzadeh and R. Kuguel, " F r a c t u r e  of Concre t e , "  J o u r n a l  of 

Materials, Vol. 4 ,  No. 3, Sept .  1969. 

2.4 Ferro-Cement 

Personnel :  F. Moavenzadeh, S. P. Shah, T. W. Bremner, J. F. 

C o l l i n s ,  J. S. Claman, H. E. Crow 

Sponsorship: Ford Foundation, DSK 76393 

The o b j e c t i v e s  o f  t h i s  s t u d y  a r e :  a )  t o  i n v e s t i g a t e  t h e  

e f f e c t  o f  t h e  wire-mor ta r  i n t e r f a c e  bond on t h e  mode o f  f a i l u r e  

of ferro-cement,  and b)  t o  determine t h e  i n f l u e n c e  of w i r e  r e i n -  

forcement on t h e  bending s t r e n g t h  of squa re  shaped Eerro-cement 

p l a t e s .  
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Related Academic Subi ects 

1.41 Strength of Structural Materials 

1.44 Cementitious Materials 

1.46 Portland Cement Concrete 

1.472 Composite Materials 

Theses : 

J. S. Claman, "Bending of Ferro-Cement Plates, 'I N.E. and S .M., 

Department of Naval Architecture and Marine Engineering, 

May 1969. 

J. F. Collins, "An Investigation into Bond Strength Importance 

in Ferro-Cement," N.E. and S.M., Department of Naval Archi- 

tecture and Marine Engineering, May 1969. 

H. E. Crow, "Crack Formation, Arrest and Propagation in Concrete 

Slabs Reinforced with Closely Spaced Steel Wires, " S .M., 

Department of Naval Architecture and Marine Engineering, 

May 1969. 

3 -0 Polymers and Composites 

.3.1 Solidification of Crystalline Polymers 

Personnel: F. J. McGarry, C. B. Doughty, J. N. Sultan, M. J. 

Doyle 

Sponsorship: Manufacturing Chemists' Association, DSR 79545 

The mechanical behavior of polymers is strongly dependent 

on the morphology and distribution of any crystalline regions. 

Further, crystallization is observed to occur during deformation 

and is the cause. of the tear resistance on some polymers. This 

research is devoted to investigating the morphology and micro- 

structure of crystalline polymers. The morphology of polymers 

solidified from a flowing melt has been of particular interest. ' 

The formation of external crystalline fibers in a flowing polymer 
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m e l t  has been hypothesized by A .  Ke l l e r .  These f i b e r s  have been 

shown t o  have an overgrowth of l ame l l a r  c r y s t a l s .  The f i b e r  with 

i ts  chain-folded l ame l l a r  c r y s t a l s  is c a l l e d  the shish-kebab 

s t r u c t u r e .  

Related Academic Sub jec t s  

1.40 In t roduc t ion  t o  Electron Microscopy 

1.44 Cementitious Mate r i a l s  

1.471 Mechanical Behavior of P l a s t i c s  

1.472 Composite Materials 

Pub l i ca t ions  : 

F. J. McGarry and J. N. Su l t an ,  “Crack Phenomena i n  Crosslinked 

Glassy Polymers, “ Proceedings,  ASTM National  Conference on 

Composite Mater ia ls :  Test ing and Design, New Orleans,  

February 1969. 

F. J. McGarry and J. N. Su l t an ,  “Crack Propagation i n  C r o s s -  

l i nked  Glassy Polymers,” Pub l i ca t ion  R69-7, C i v i l  Engineer 

i n g ,  February 1969. 

F. J. McGarry and J. N. Su l t an ,  ”The F rac tu re  of Polymers and 

F ibe r  Reinforced Polymer Composites, ” Pub l i ca t ion  R69-8, 

C i v i l  Engineering, MIT, February 1969. 

3.2 Fibrous G l a s s  Reinforced P l a s t i c  Composites 

Personnel: F. J. McGarry, J. N. Su l t an ,  R. C. La ib l e ,  J. F. 

Mandell, T. H .  Aulenbach, W. E. Schulz 

Sponsorship: Dow Chemical Company, DSR 70243; A i r  Force Systems 

Engineering Group, Ma te r i a l s  Laboratory AF33(615)- 

2712, DSR 74969. 

3 - 2 . 1  Microcrackinq i n  Fibrous Glass Reinforced Plastics 

Study of t he  parameters c o n t r o l l i n g  microcracking under 
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c y c l i c  loading. Methods of crack d e t e c t i o n ,  measurement. E f f e c t s  

of imposed stress l e v e l ,  number of  cyc le s ,  o r i e n t a t i o n  of  r e i n -  

fo rc ing  f i b e r s ,  spacing of  f i b e r s ,  Loss of e las t ic  and s t r e n g t h  

p rope r t i e s .  Methods t o  toughen c ross l inked  r e s i n  matr ices  t o  

prevent microcracking. Micromechanics of toughened r e s i n s ,  

molecular flow phenomena. Relat ionships  between microstructure  

of toughened r e s i n s  and t h e i r  r e s i s t a n c e  t o  crack propagation. 

3.2.2 Matrix-Fiber S t r e s s  T rans fe r  Mechanisms 

Study of s t r e s s  t r a n s f e r  d e t a i l s  i n  g l a s s  f i b e r - r e s i n  com- 

p o s i t e  systems. D i rec t  experimental  method t o  eva lua te  e f f e c t s  

of a spec t  r a t i o ,  g l a s s  ' f i n i s h  t r ea tmen t s ,  c y c l i c  loading, ex- 

posure t o  w a t e r  and toughened r e s i n s .  Analysis of  s t r e s s e s  a t  

ends of f i b e r s ,  as influenced by geometric d e t a i l s  of f i b e r  ends. 

Related Academic Sub iec t s  

1.41 S t r eng th  of S t r u c t u r a l  Ma te r i a l s  

1-42 S t r u c t u r a l  Ma te r i a l s  

1.471 Mechanical Behavior of P l a s t i c s  

1.472 Composite Mate r i a l s  

Theses : 

T- H. Aulenbach, "Plane S t r a i n  Crack Toughness of  F ibe rg la s s  

Reinforced P la s t i c , "  S.M., Department of Naval Arch i t ec tu re  

and Marine Engineering, June 1969. 

W. E. Schulz , "Fracture  Mechanics of  Fibrous Composites", N.E. 

and S.M., Department of  Naval Arch i t ec tu re  and Marine Engi- 

neering ,. June 1969. 

J. N. Sul t an ,  " C r i t e r i a  i n  Toughening Thermoset Resins ,"  Ph.D., 

Department o f  C i v i l  Engineering, September 1969. 

Pub l i ca t ions  : 

C. B. Daughty and F. J. McGarry, "Vi scoe la s t i c  and E las to -P la s t i c  
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Analysis of a Fiber Reinforced Composite Material, ' I  Publi- 

cation R68-89, Civil Engineering, MIT, December 1968, 

F. J. McGarry and J. N. Sultan, "Csack Propagation in Cross- 

linked Glassy Polymers, '' Publication R69-7, Civil Engineer- 

ing, February 1969. 

F. J, McGarry and J. N. Sultan, "The Fracture of Polymers and 
Fiber Reinforced Polymer Composites," Publication R69-8, 

civil Engineering, MIT, February 1969. 

F. J. McGarry and J. N. Sultan, "Crack Propagation Studies in 
Crosslinked Glassy Polymers, *' Proceedings o f  24th Annual 

Conference, Reinforced Plastics/Composites Division, The 

Society of the Plastics Industry, Inc., Washington, D.C., 

February 1969. 

F. J. McGarry , "Microfracture in Fibrous Glass Reinforced Plas- 
tics," Proceedings, Fourth Annual Symposium on High Per- 

formance Composites, St. Louis , April 1969. 
F. J. McGarry, "Mechanical Behavior of Polymeric-Matrix Corn- 

posites, " Proceedings, ASMEfAIAA 10th Structural Dynamics 

and Materials Conference, New Orleans, April 1969. 

F. J. McGarry, "Microcracking in Fibrous Glass Reinforced Resin 
Composites,'' Proceedings, International Conference on Struc- 

ture, Solid Mechanics and Engineering Design in Civil Engi- 

neering Materials, University of Southampton, England, 

April 1969. 

F. J. McGarry, A. M. Willner and J. N. Sultan, "Effects of Inter- 

stitial Inclusions in Fiber Reinforced Composites , '' Techni- 
cal Report AFML-TR-69-86, submitted to Air Force Materials 

Laboratory, Wright-Patterson Air Force Ease, Ohio, May 1969. 

F- J. McGarry, A. M. Willner and J. N. Sultan, "Toughening of 

Glassy Crosslinked Polymers with Elastomeric Inclusions," 

Publication R69-35, Civil Engineering, MIT, July 1, 1969. 
J. 1. Sultan and F. J. McGarry, "Microstructural Characteristics 

of Toughened Thermoset Polymers, 'I Publication R69-59, Civil 

Engineering, MIT, October 1, 1969. 
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4.0 S t r u c t u r a l  Metals and Metal l ic  Composites 

4.1 S t r u c t u r a l  Metals 

Personnel: R. C. Jones,  F. V. Lawrence, G. F. Doyle 

Sponsorship: Inter-American Program i n  C i v i l  Engineering; Ford 

Foundation, DSR 76392 

4.1.1 C y c l i c  Loadinq E f f e c t s  

Single  c r y s t a l s  of  alpha-iron have been f a t igued  i n  cons t an t  

stress amplitude reversed plane bending. The S-N curve,  the 

plast ic  s t r a i n  amplitude v a r i a t i o n ,  t h e  f a t i g u e  induced su r face  

f e a t u r e s  and t h e  d i s l o c a t i o n  s u b s t r u c t u r e s  developed i n  t h e  

c r y s t a l s  during f a t i g u e  have been s tud ied .  

The formation o f  a c e l l  s t r u c t u r e  w a s  shown t o  occur once a 

c r i t i ca l  d i s l o c a t i o n  d e n s i t y  has  accumulated, t h e  na tu re  of which 

w a s  inf luenced by the c rys t a l log raphy  of the specimen and under- 

went changes wi th  continued t e s t i n g .  The appearance of t he  

f a t i g u e  induced s u r f a c e  f e a t u r e s  w a s  found t o  depend upon t h e  

. na tu re  o f  t h e  developed subs t ruc tu res .  The e v o l u t i o n  of a con- 

' t inuous ce l l  s t r u c t u r e  with t e s t i n g  coincided with a l a r g e  de- 

c l i n e  i n  t h e  l e v e l  of  plast ic  s t r a i n  amplitude and it appears 

t h a t  it is t h e s e  s u b s t r u c t u r e s  which account f o r  f a t i g u e  harden- 

ing. From the obse rva t ions  of c r ack  formation and t h e  mode of  

d i s l o c a t i o n  movement during s a t u r a t i o n ,  a model f o r  crack i n i t i -  

a t i o n  i s  proposed. 

4.1.2 C y c l i c  F r i c t i o n a l  Heatinq of Steel  

Samples of m a t e r i a l  taken from a steel  a i r c r a f t  brake t h a t  

had been subjected t o  260 simulated s tops  have been examined 

me ta l log raph ica l ly .  

observed and r e l a t e d  t o  t h e  temperatures and cool ing rates en- 

countered by t h e  d i f f e r e n t  p a r t s  o f  t h e  brake.  

s cop ic  shr inkage and d i s t o r t i o n  o f  the i n d i v i d u a l  brake segments 

Several  d i f f e r e n t  mic ros t ruc tu res  have been 

Observed macroi 
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is  explained i n  terms of s u p e r p l a s t i c  deformation t h a t  occurs 

when t h e  s tee l  aus t en izes  during each s top.  Copper from the  

brake l i n i n g s  is t r a n s f e r r e d  t o  t h e  s teel  and causes su r face  in-  
c lus ions  which inc rease  t h e  w e a r  rate o f  the brakes by su r face  

f a t i g u e  w e a r .  

Unused brake segments w e r e  thermally cycled using a focus- 

sed C02 l a s e r  i n  an at tempt  t o  s imulate  t h e  f r i c t i o n s 1  4 
i n  a normal s top .  The mic ros t ruc tu re  of  t h e  l a sed  m a t e r i a l  w a s  

d i f f e r e n t  f r o m  t he  mic ros t ruc tu res  of used brake segments p r i -  

mari ly  because of t h e  d i f f e r e n c e  i n  cool ing r a t e .  

Related Academic Subjects  

1.02 Engineering Mate r i a l s  

1.40 In t roduc t ion  t o  E lec t ron  Microscopy 

1.41 S t r eng th  of  S t r u c t u r a l  Materials 

1.42 S t r u c t u r a l  Materials 

1.43 S t r u c t u r a l  P rope r t i e s  of  Metals 

Theses : 

G .  F. Doyle, “The E f f e c t  of Cyc l i c  F r i c t i o n a l  Heating on the 
S t r u c t u r e  and P rope r t i e s  o f  a S t e e l  Ai rcraf t  Brake,” S .M.  
Department of Metallurgy, January 1969. 

Pub l i ca t ions  : 

F. V. Lawrence, Jr. and R. C. Jones, “The Formation of  C e l l  

S t r u c t u r e s  i n  Fatigued I r o n  C r y s t a l s , “  Meta l lu rg ica l  Trans- 

a c t i o n s ,  i n  p re s s .  

4 -2  Metall ic Composites 

Personnel: R. C. Jones,  E. F. O l s t e r ,  K. C .  Kvam, D. Laaksonen 

Sponsorship: Inter-American Program i n  C i v i l  Engineering; Ford 

Foundation, DSR 76392 
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4.2.1 Joininq o f  Metall ic Composites 

J o i n t s ,  approaching lO@? e f f i c i e n c y ,  have been obtained i n  

a 2024 aluminum a l l o y  r e in fo rced  with Type 355 s ta in less  s teel  

w i r e s  us ing a deformation d i f f u s i o n  bonding technique. A scarf 

j o i n t ,  whose geometry i s  dependent upon t h e  c r i t i ca l  f i b e r  l eng th  

and t h e  d i s t a n c e  between l a y e r s  of f i b e r s ,  h a s  been developed i n  

this  study. 

A wide range o f  j o i n i n g  parameters ( t ime ,  temperature,  pres- 

s u r e )  provided sound j o i n t s .  The u l t ima te  t e n s i l e  s t r e n g t h  of 

the joined specimen decreased as bonding t i m e s  increased,  b u t  i n -  
creased wi th  jo in ing  p res su re .  

The e f f e c t  of an alvminum oxide coat ing on t h e  jo in ing  sur-  

faces has  been i n v e s t i g a t e d  and it has  been concluded t h a t  w i th in  

t h e  range of bonding parameters used i n  t h i s  s tudy  sound j o i n t s  

could be obtained only i f  t h e  oxide coat ing w a s  removed imrnedi- 

a t e l y  p r i o r  t o  jo in ing .  

The high s t r e n g t h  s c a r f  j o i n t  specimens f a i l e d  with massive 

debonding along t h e  d i f f u s i o n  bond planes w h i c h  r e s u l t e d  from t h e  

o r i g i n a l  composite f a b r i c a t i o n  technique. These f r a c t u r e  su r -  

faces w e r e  examined wi th  a scanning e l e c t r o n  microscope and ap- 

peared nea r ly  i d e n t i c a l  t o  f r a c t u r e  s u r f a c e s  i n  unjoined, un- 

t r e a t e d  material. The lower s t r e n g t h  s c a r f  j o i n t  specimens f r ac -  

t u red  w i t h  l i t t l e  or no debonding along these o r i g i n a l  bond planes.  

Preliminary work has been c a r r i e d  ou t  i n  an attempt t o  b u t t  

j o i n t  a composite by exposing r e in fo rc ing  w i r e s  from two members 

t o  be jo ined ,  overlapping t h i s  reinforcement a d i s t a n c e  which is  

a func t ion  o f  t h e  c r i t i ca l  f i b e r  l eng th ,  and f i n a l l y  i n f i l t r a t i n g  

t h i s  j o i n t  region w i t h  molten matrix ma te r i a l .  Problems associ-  

a t e d  w i t h  non-uniform i n f i l t r a t i o n  and f i b e r  degradat ion have not 

y e t  been solved. 

4.2.2. Fractroqraphy of  M e t a l l i c  Composites 

It has been shown t h a t  t h e  observed behavior of  metal matrix 
composites can be r e l a t e d  t o  the  i n  s i t u  micromechanical behavior 
of each component, as surveyed a t  the f r a c t u r e  su r face  using 



scanning electron microscopy. 

systems, including s t a i n l e s s  s t e e l  w i r e  reinforced aluminum and 

boron filament reinforced aluminum, have been studied by such 

fractrographic techniques. 

Several metal matrix composite 

Diffusion bond planes between the layers  of matrix f o i l  em- 
ployed in  fabr ica t ion  of these composites have been ident i f ied  a s  

problem areas ,  pa r t i cu la r ly  i n  composites containing r e l a t i v e  

low volume f rac t ions  of reinforcing material .  Incomplete bonding 

a t  diffusion bond planes has been observed t o  be a major problem 

in  cross-ply composites. Debonding of d i f fus ion  bond planes, 

observed a t  f rac ture  surfaces ,  has been observed on a large scale  

i n  both cross-ply and unidirect ional ly  reinforced composites. 

Detailed study of matrix metal f rac ture  surface areas per- 

m i t s  the observation of microvoids, cha rac t e r i s t i c  of duc t i le  

f rac ture  of metals. The number and d i s t r ibu t ion  of these micro- 

voids can be re la ted  t o  the degree of t r i a x i a l  cons t ra in t  present 

i n  the matrix mater ia l ,  which is  affected by matrix-matrix and 

filament-matrix bonding. Second phase pa r t i c l e s  i n  the matrix 

metal a r e  of ten associated with these microvoids. 

The b r i t t l e  f i laments i n  the boron-aluminum composite a re  

observed t o  undergo subs tan t ia l  breakup i n  the compositing and 

loading sequence. Possible f rac ture  i n i t i a t i o n  sites involving 

b r i t t l e  f i laments can be ident i f ied  i n  the f rac ture  surfaces of 

boron-aluminum composites. 

Such scanning e lec t ron  microscopy observations,  made a t  

the f rac ture  surface,  can a l s o  be re la ted  t o  the gross mechanical 

properties of metal matrix composites. In  s i t u  component behavior 

a t  the micro l eve l  has been re la ted  t o  such mechanical properties 

as longitudinal and t ransverse s t rengths  and s t i f fnes ses  of the 

composites examined. 

4.2.3 I r rad ia t ion  Effec ts  on Metall ic Composites 

It  has been the  purpose of t h i s  study t o  examine the e f -  

f ec t s  of nuclear i r r ad ia t ion  on the mechanical propert ies  of a 

metal matrix composite i n  order t o  update composite theory t o  
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include nuclear e f f e c t s  and t o  determine the f e a s i b i l i t y  o f  

nuclear appl icat ions of metal matrix composites. 

A 2024-T6 aluminum matrix, NS 355 s t a in l e s s  steel  f i b e r  

composite was c u t  i n t o  specimens and divided i n t o  four sample 

groups. Three o f  these groups w e r e  i r rad ia ted  t o  f a s t  neutron 

dosages of 1.56, 2.84, and 4.68 x 10 n/em . Microhardness and 

f lexura l  tests were performed on each of the four sample groups. 

Fracture surfaces of a l l  sample groups were viewed by scanning 

electron microscopy. 

18 2 

Strength increases and d u c t i l i t y  decreases with increasing 

dosages were generally observed in  the aluminum matrix and the 

s t a in l e s s  s t e e l  f i be r s .  The aluminum hardened a ra ther  .large 

amount and reached sa tura t ion  a t  the highest  f a s t  dosage. Over- 

a l l  composite s t rength ,  as  determined by f lexura l  tests,  i n i t i a l l y  

decreased, then increased as  sa tura t ion  was achieved i n  the matrix 

hardness. The high degree of matrix hardening and subsequent 

sa tura t ion  with increasing dosage, leading t o  changes i n  the 

r e l a t i v e  f a i l u r e  s t r a i n  of matrix and f i b e r ,  w a s  ident i f ied  a s  

the control l ing mechanism of the composite s t rength changes i n  

flexure.  

surfaces was apparently unaffected by nuclear i r rad ia t ion .  

Diffusion bonding of mat r ixmat r ix  and matrix-fiber 

Existing composite theory was concluded t o  be applicable t o  

nuclear i r rad ia ted  composites without modification. Nuclear ap- 

p l ica t ions  were concluded t o  be most feas ib le  in  f a s t  reactors  

where the " t a i l o r a b i l i t y "  of a metal matrix composite might pro- 

vide the technical  breakthrough needed t o  combat the severe mate- 

r i a l s  problems inherent t o  f a s t  reactors .  The use of nuclear 

i r r ad ia t ion  in  micromechanics s tudies  of composites was a l so  con- 

cluded a feas ib le  concept. 

4.2.4 Coriosion of Metal l ic  Composites 

Corrosion s tudies ,  with various metal matrix composites 

subjected t o  marine environments, have been undertaken i n  order 

t o  evaluate the poten t ia l  of such mater ia ls  f o r  use i n  such 

h o s t i l e  environments. Exposure has been t o  ac tua l  and a r t i c i f i a l  



sea water  environments. 

a f t e r  exposure are being employed t o  determine g ross  co r ros ion  

e f f e c t s .  Detai led microscopic examination, including scanning 

e l e c t r o n  microscopy, has  been made t o  determine corrosion mech- 

anisms i n  reinforcement and matrix materials. 

Weight changes and a n a l y s i s  o f  s o l u t i o n s  

4.2.5 F rac tu re  Mechanics of M e t a l l i c  Composites 

Fundamental s t u d i e s  a t  t h e  micromechanism l e v e l  i n  metal  

matr ix  composites are being employed t o  develop f u l l e r  under- 

s tanding of  behavior under load a t  t h e  macroscopic leve l .  Ex- 

perimental  and a n a l y t i c a l  techniques a r e  being employed t o  s tudy 

the i n  s i t u  p r o p e r t i e s  o f  reinforcement and ma t r ix  metal, t o  de- 

scribe and i n t e r p r e t  t h e  mechanisms by which stress i s  d i s t r i b u -  

t e d  i n  such composite systems, and t o  s tudy  t h e i r  f r a c t u r e  i n i t i -  

a t i o n  and propagation c h a r a c t e r i s t i c s .  

Previous basic research on d i f f u s i o n  bonding of aluminum 

a l l o y s  has  been appl ied t o  t h e  f a b r i c a t i o n  of  a u n i d i r e c t i o n a l l y  

re inforced metal matr ix  composite intended f o r  crack propagation 

t e s t i n g .  Aluminum t o  aluminum bonds of s u f f i c i e n t  s t r e n g t h  can 

be reproducibly f a b r i c a t e d .  Fiber t o  matr ix  bonding i n  t h e  s t a i n -  

less steel-aluminum system has no t  been s u f f i c i e n t l y  developed 

t o  d a t e ,  however. Experiments with con t ro l l ed  m e t a l l u r g i c a l  i n -  

t e r a c t i o n  between f i b e r  and matrix as a r e s u l t  o f  a d d i t i o n a l  

thermal t reatment  have been c a r r i e d  ou t .  Control of t h e  mechani- 

cal  p r o p e r t i e s  of  t h e  f iber-matr ix  i n t e r f a c e  is required i n  o rde r  

t o  provide a meaningful experimental  m a t e r i a l  with which crack 

propagation i n  metal  matr ix  composites can be s tud ied .  

An experimental  i n v e s t i g a t i o n  designed t o  develop a q u a l i -  

t a t i v e  and q u a n t i t a t i v e  understanding of some fundamental pro- 

cesses governing t h e  f r a c t u r e  of  composite m a t e r i a l s  i s  being 

pursued. It  is  s p e c i f i c a l l y  being d i r e c t e d  toward desc r ib ing  

cond i t ions  under which a crack w i l l  grow i n  a stabEe manner, 

when a c r i t i ca l  crack l eng th  i s  reached, what t h e  f a i l u r e  stress 

w i l l  be i n  a mater ia l  having a crack l a r g e r  than c r i t i ca l  s i z e ,  

what cond i t ions  govern f a i l u r e  i n  a crack propagation mode, and 
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what f a c t o r s  c o n t r o l  the notch toughness of a composite. 

Related Academic Sub jec t s  

1.49 In t roduc t ion  t o  Electron Microscopy 

1.41 St reng th  of S t r u c t u r a l  Materials 

1.42 S t r u c t u r a l  Ma te r i a l s  

1.43 S t r u c t u r a l  P rope r t i e s  of Metals 

1.472 Composite Mate r i a l s  

Theses : 

E.  F. O l s t e r ,  "Joining of a Metal Matrix Composite, I' C.E., 

Department of c i v i l  Engineering, MIT, June 1969. 

Pub l i ca t  ions : 

R. C. Jones ,  "Fractography of Aluminum-Boron Composites, I' Publi-  

c a t i o n  P69-3, C i v i l  Engineering, MIT, June 1969. 

E. F. O l s t e r  and R. C. Jones,  "Joining of a Metal Matrix Com- 

p o s i t e ,  " Pub l i ca t ion  R69-25, C i v i l  Engineering, MIT, June 

1969. 

5.0 Mechanics of M a t e r i a l s  

5.1 V i s c o e l a s t i c  Charac t e r i za t ion  05 Enqineerinq Mate r i a l s  

Personnel: F. Moavenzadeh, M. H. Gradowczyk, J. E .  Soussou, 

J. F. E l l i o t t ,  J. P. S c o t t ,  III. 

Sponsorship: Ford Foundation, DSR 76393 

The o b j e c t i v e  of t h i s  r e sea rch  i s  t o  develop c o n s t i t u t i v e  

equat ions f o r  l i n e a r  and nonl inear  time-dependent m a t e r i a l s  with 

memory. This  w i l l  be achieved using ( a )  mu l t ip l e - s t ep  loading . 
i n p u t s ,  and (b) random loading inpu t s .  Laboratory experimental  

r e s u l t s  w i l l  be used t o  v e r i f y  t h e  a p p l i c a b i l i t y  of t hese  concepts 
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t o  var ious nonmetal l ic  materials. 

t h e  s o l u t i o n  of boundary value problems of t h e  theory of non- 

l i n e a r  v i s c o e l a s t i c i t y  w i l l  be attempted by using t h e  cons t i t u -  

t i v e  equat ions as der ived by the  methods descr ibed above. 

I n  a l a t e r  p a r t  of the  work, 

Related Aca,demic Subjects  

1.47 Mechanics of Mate r i a l s  

1.471 Mechanical Behavior of P l a s t i c s  

1.473 V i s c o e l a s t i c i t y  

Theses : 

J. F. E l l i o t t ,  " D i s t r e s s  and F a i l u r e  of Pavement S t r u c t u r e s ,  'I 

Ph.D., C i v i l  Engineering, MIT, September 1969. 

J. P. S c o t t ,  111, "Viscoe la s t i c  Charac t e r i za t ion  of  Rubber Addi- 

t i v e  Aspha l t , "  S.M. and C.E., C i v i l  Engineering, M I T ,  June 

1969. 

Pub l i ca t ions  : 

J. E. Ashton and F. Moavenzadeh, "Analysis of Three-Layer Visco- 

e las t ic  Half-Space,' ' Jou rna l  of Engineering Mechanics Divi- 

s i o n ,  ASCE, Vol. 94, No .  EM6, December 1968. 

F. Moavenzadeh and J. E. Soussou, "Vi scoe la s t i c  Cons t i t u t ive  

Equations for Sand-Asphalt Mixtures,  ' I  Highway Research 

Record, No .  256, February 1969. 

F. Moavenzadeh and J. Nemec, "Vi scoe la s t i c  Study of Cement P a s t e , "  

Proceedings, I n t e r n a t i o n a l  Conference on S t r u c t u r e ,  Solid 

Mechanics, and Engineering Design i n  C i v i l  Engineering 

M a t e r i a l s ,  Southampton, England, John Wiley & Sons, Ltd . , 
1969. 

M.  H. Gradowczyk, F . Moavenzadeh and J. E. Soussou, 'Tha rac t e r i -  

z a t i o n  of Linear  V i s c o e l a s t i c  Mate r i a l s  Tested i n  Creep and 

Relaxation, I' Journa l  of Applied Physics,  Vol. 40,March 1969. 
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M. H. Gradowczyk and F. Moavenzadeh , “Characterization of Linear 
Viscoelastic Materials, Transactions of the Society of 

Rheology, Vol. 13,  Issue, Interscience Publishers , 1969. 

5.2 Viscoelastic Stress Analysis 

Personnel: F. Moavenzadeh, J. F. Elliott, J. E. Soussou, M. H. 

Gradowczyk 

Sponsorship: U.S. Department of Transportation, Federal Highway 

Administration, Bureau of Public Roads, DSR 71183 

To develop a numerical technique for solutions of stresses 
and displacements on three-layer viscoelastic systems subjected 

to slowly moving load on the surface. 

Related Academic Subjects 

1.45 Structural Design of Pavements 

1.47 Mechanics of Materials 

1.473 Viscoelasticity 

Publicat ions : 

F. Moavenzadeh and J. E. Ashton, “Stresses and Displacements in 

Linear Viscoelastic Bcdies , ” Recent Advances in Engineering 

Science, Vol. 111, Gordon and Breach Science Publishers 

Ltd., London, 1968. 

M. H. Gradowczyk, “Numerical Methods in Shell Theory, ‘I Publica- 

tion R68-74, Civil Engineering, MIT, September 1968. 

J. E. Ashton and F. Moavenzadeh, “Analysis of Three-Layer Visco- 

elastic Half-space, Journal of Engineering Mechanics Divi- 

sion, ASCE, Vol. 94, No. EM6, December 1968. 

M. H. Gradowczyk, F. Moavenzadeh and J. E. Soussou, ”characteri- 

zation of Linear Viscoelastic Materials Tested in Creep and 

Relaxation,“ Jnl. of Applied Physics, Vol. 40, March 1969. 



M.. H. Gradowczyk and F. Moavenzadeh, "Character izat ion of  Linear 

V i s c o e l a s t i c  Materials,  Transact ions of the Society of 

Rheology, Vol. 13,  I s s u e  2 ,  I n t e r s c i e n c e  Pub l i she r s ,  1969. 

J. F. E l l i o t t  and F. Moavenzadeh, "Moving Load on a V i s c o e l a s t i c  

Layered System - Phase I T " ,  Pub l i ca t ion  R69-64, C i v i l  En- 

g inee r ing ,  MIT, September 1969. 

6.0 Mate r i a l s  i n  Urban Environment 

6.1 Role of Materials i n  Systems of  Constructed F a c i l i t i e s  

Personnel: F. Moavenzadeh, J. A .  Alexander, A.  C. Lemer 

Sponsorship: Sloan B a s i c  Research Fund, DSR 27621 

The purpose of t h i s  s tudy i s  t o  i d e n t i f y  and t o  quan t i fy ,  

through a systems a n a l y s i s  approach, t he  r o l e  of engineering 

m a t e r i a l s  i n  urban f a c i l i t i e s  such a s  highways. The study w i l l  

p r imar i ly  concern i t s e l f  with determining t h e  e x t e n t  of change 

which may be brought about i n  constructed f a c i l i t i e s  by (1) 

change i n  and c o n t r o l  of q u a l i t y  of  m a t e r i a l s ,  ( 2 )  i n t roduc t ion  

of new m a t e r i a l s ,  ( 3 )  improvement and/or innovation i n  production, 

handl ing,  i n s t a l l i n g ,  and f i n i s h i n g  of  m a t e r i a l s .  The d i r e c t  and 

i n d i r e c t  impacf of such changes on t h e  constructed f a c i l i t i e s  

w i l l  be considered a s  a measure of need f o r  f u t u r e  research.  

Related Academic Subjects  

1.41 S t r eng th  of  S t r u c t u r a l  Materials 

1.42 S t r u c t u r a l  Ma te r i a l s  

1.47 Mechanics of Mate r i a l s  

Pub l i ca t ions  : 

R. C. Jones and F. Moavenzadeh, "Trends i n  Construction Mater ia ls :  

An Overview", c i v i l  Engineering, vol. 39, NO. 8, August 

1969. 
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A .  C. Lemer and F. Moavenzadeh, “The Analysis of Highway Pave- 

ment Systems, ” Publicat ion P69-12, C i v i l  Engineering, MIT, 

September 1969. 

6.2 Main ta inabi l i ty  of Svstems of  Constructed F a c i l i t i e s  

Personnel: F. Moavenzadeh, J. A. Alexander, M .  J. Markow 

Sponsorship: Ford Foundation, Urban Systems Laboratory,  DSR 70857 

The purpose of t h i s  p r o j e c t  i s  t o  develop a highway main- 

tenance c o s t  model and (computer program) which, f o r  a given road 

design,  l o c a t i o n ,  and use ,  w i l l  p r e d i c t  t h e  t o t a l  road maintenance 

c o s t s  over a spec i f ied  per iod of ana lys i s .  Pred ic t ion  of t h e s e  

c o s t s  w i l l  enable t h e  engineer t o  consider  more r a t i o n a l l y  the 

inf luence of f u t u r e  maintenance c o s t s  i n  t h e  highway design and 

maintenance process.  S p e c i f i c a l l y ,  th ree  d i s t i n c t  s t e p s  a r e  pro- 

posed for t h i s  study-. 

(1) A review of the  a v a i l a b l e  l i t e r a t u r e  i n  the  f i e l d s  of 

highway maintenance requirements and s tandards.  

( 2 )  Formulation of a t e n t a t i v e  model framework i n  which 

t h e  number and types of submodels a r e  s p e c i f i e d ,  re levant  var i -  

ab les  i d e n t i f i e d  , and the  model l o g i c  developed. 

( 3 )  Cal ibra t ion  of t h e  model and tests of i t s  v a l i d i t y  

through analyses  of f i e l d  da ta .  

Related Academic Subjects  

1.45 S t r u c t u r a l  Design of  Pavements 

1.46 Portland Cement Concrete 

Theses : 

M. J. Markow, “A Systems Analysis of an Urban Transportat ion 

Problem,“ S.M., Department of  C i v i l  Engineering, September 

1969. 
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IX. SURFACE PROPERTIES AND BEHAVIOR OF MATERIALS 
DEPARTMENT OF MECHANICAL ENGINEERING -SWACE LABoRAMRy 

Facul ty  : 

8. G. Rightmire, Professor ,  Mechanical Engineering 

E. Rabinowicz, Professor ,  Mechanical Engineering 

W. D. Syniuta, Ass is tan t  Professor ,  Mechanical Engineering 

Research S ta f f  : 

D r .  3. M. Georges, V i s i t i ng  Engineer 

Graduate Students  : 

C. Corrow, Research Ass is tan t ,  Mechanical Engineering 

G. J. Buffleben, Mechanical Engineering 

3. Kirk, Research Ass is tan t ,  Mechanical Engineering 

Support S t a f f :  

P a t r i c i a  Howard, Secretary,  Mechanical Engineering 

Degrees Granted: 

C. Corrow, S.M., Mechanical Engineering, January 1969 

G. 3. Buffleben, S.M., Mechanical Engineering, June 1969 

T. 3. Bak, S.B., Mechanical Engineering, June 1969 
K. L. Zwick, S.B., Mechanical Engineering, June 1969 

Sponsorship: 

P r a t t  and Whitney Divis ion of United Ai rc ra f t ,  DSR 71361 
The Norton Company, DSR 71338 
Sloan Basic Research Fund 

1.0 Behavior Under Mechanical S t r e s s  of Adsorbed Layers on Tunvsten Wire 

Personnel: B. G. Rightmire 

Sponsorship: Unsponsored 
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Research Report 

The u l t imate  lub r i ca t ion  of an i n t e r f a c e  is provided by a monolayer of 

adsorbed molecules. 

t echn ica l  appl ica t ions .  

Adsorption a t  a so l id-so l id  i n t e r f a c e  thus  has important 

A s tudy  is being made of physisorpt ion a t  an i n t e r f a c e  each su r face  of 

which cons i s t s  of a monolayer of oxygen chemisorbed t o  a tungsten subs t r a t e .  

TFre. amount of coverage i s  est imated from the  s p e c i f i c  i n t e r f a c i a l  electrical 

conductance. Iden t i ca l ,  e lectro-pol ished tungsten w i r e s  are crossed and 

loaded normal t o  the  apparent Hertzian contact  area. The test l i qu id  is 

allowed t o  d r i p  s t e a d i l y  on the  c ross ing  of t he  wires, and a slow, o s c i l l a -  

tory,  r e l a t i v e  s l i d i n g  motion is imposed on them, so t h a t  condi t ions of  

equi l ibr ium adsorp t ion  may be approximated a t  each end of a s t roke .  

A theory based on the  assumption of thermodynamic equi l ibr ium at the  

in t e r f ace  y i e l d s  the  conductance as a funct ion of load ,  f o r  a given adsor- 

ba t e  and temperature. 

agreement between theory and experiment is poor. I f ,  on the  o the r  hand, one 

assumes t h a t  f ine-sca le  a s p e r i t i e s  are randomly sca t t e red  over  the  e l ec t ro -  

polished sur faces  good agreement is obtained. The test su r faces  are, there-  

fo re ,  being examined by s e v e r a l  methods, t o  g e t  information to feed i n t o  the  

theory. 

I f  the  i n t e r f a c e  i s  modeled as molecularly smooth, 

I n  i t s  present  form, the  theory enables  one t o  estimate from the  t es t  

r e s u l t s  the  hea t  of adsorp t ion  a t  the  i n t e r f a c e  and the  maximum normal 

sFress under which equi l ibr ium adsorpt ion i s  poss ib le .  

Thesis : 

T. J. Bak, "Electron Photomicrography of  Electropol ished Surfaces," 

Bachelor of Science, Department of Mechanical Engineering, June 1969. 

Publ ica t ion  : 

B. G. Rightmire, "Breakdown of Lubricat ion by Physisorbed Molecules," 

published i n  Surface Mechanics, a co l l ec t ion  of papers presented a t  

a symposium i n  Los Angeles, November 1969, American Society of 

Mechanical Engineers, New York, New York, 1969. 

2.0 Fundamental Bearing and Sea l  Research 

Personnel: E. Rabinawicz, W. D. Syniuta; C. Corrow, G. J. Buffleben, 
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H. Charney 

Sponsorship: P r a t t  and Whitney Divis ion of United A i r c r a f t ,  DSR 71361 

Research Report 

A s tudy of  r o l l i n g  contac t  f a t i g u e  as produced on a Barwell 4 b a l l  r i g  

w a s  undertaken. 

determine t h e  o r i g i n  of f a t i g u e  cracks. 

temperature, o f  l u b r i c a n t s  and of moisture  on f a t i g u e  l i f e  were s tudied .  

O p t i c a l  and e l e c t r o n  microscopy techniques were used t o  

The e f f e c t  of load,  of  speed, of 

A t  10% of t h e  l i f e  of a specimen, micron s i z e  cracks appeared on t h e  

s t r e s s e d  sur face .  

e x i s t i n g  d id  n o t  grow t o  any e x t e n t  except  f o r  i s o l a t e d  cases. 

l u b r i c a n t  w a s  changed, c racks  appeared a t  t h e  same f r a c t i o n  of t o t a l  l i f e .  

Etching of t h e  b a l l  t r a c k s  showed t h a t  t h e  s u r f a c e  cracks observed were 

almost always loca ted  a t  t h e  chrome carb ide  t o  mar tens i te  i n t e r f a c e .  

With f u r t h e r  running more cracks appeared, bu t  those  

When t h e  

Fractography s t u d i e s  of f a t i g u e  s p a l l s  were undertaken. Cracks leading 

t o  s p a l l i n g  began a t  t h e  s u r f a c e  i n  t h r e e  of f o u r  cases which w e r e  s tud ied .  

Cathode p o l a r i z a t i o n  of t h e  b a l l s  gave a three-fold reduct ion i n  l i f e ,  

b u t  anodic  p o l a r i z a t i o n  had no e f f e c t .  

3.0 Basic Studies  i n  Grinding 

Personnel :  W. D. Syniuta ,  3 .  Kirk 

Sponsorship: The Norton Company, DSR 71338 

Research Report 

T e s t s  are being conducted t o  determine t h e  f a c t o r s  which inf luence  t h e  

mechanism and e x t e n t  of gr inding  wheel wear. 
gr inding  wheel are c o l l e c t e d ,  s ieved ,  and weighed. The p a r t i c l e  s i z e  d i s t r i -  

bu t ion  obtained i n  t h i s  manner is compared t o  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  

of t h e  a b r a s i v e ' g r a i n  used i n  manufacturing the  gr inding  wheel. Prel iminary 

r e s u l t s  i n d i c a t e  t h a t  most of t h e  wear (about 70% by weight) is due t o  

f r a c t u r e  of t h e  g r a i n s  from t h e  bonding agent  i n  t h e  wheel. 

The wear p a r t i c l e  from t h e  

The a t t r i t i o u s  wear of t h e  g r a i n s  s l i d i n g  over  t h e  workpiece i s  a l s o .  

measured using a microscope a t tached  d i r e c t l y  t o  t h e  gr inding  machine. 

Harder gr inding  wheels (gr inding wheels containing high percentage of bonding 

m a t e r i a l )  e x h i b i t  l a r g e r  wear f l a t  areas. The wear f l a t  areas a l s o  appear 
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t o  be d i r e c t l y  r e l a t e d  t o  the  grinding forces.  

Theses: 

C. J. Corrow, "Scanning Electron Microscope Fractography Studies of Rolling 

Contact Fatigue," Masters of Science, Department of Mechanical 

Engineering, January 1969. 

G. J. Buffleben, "Spinning F r i c t ion  i n  Thrust B a l l  Bearings," Masters of 

Science, Department o f  Mechanical Engineering, June 1969. 

K. L. Zwick, "E lec t r i c  Discharge Machining of Glass ,It Bachelor of Science, 

Department of Mechanical Engineering, June 1969. 
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x. SURFACE PROPERTIES AND PROCESSES 

Faculty : 

R. E. Stickney, Associate Professor, Mechanical Engineering 

Research Staff: 
T. J. Lee, DSR Staff, Research Laboratory of Electronics 
D. L. Pehrs, Research Affiliate, Research Laboratory o f  Electronics 

Graduate Students: 

J. C. Batty, Graduate Student, Mechanical Engineering 
A. Dabiri, Research Assistant, Mechanical Engineering 
L. J. Forney, Graduate Student, Mechanical Engineering 
H. C. Juvkam-Wold, Graduate Student, Mechanical Engineering 
T. Krivachy, Research Assistant, Mechanical Engineering 
D. S. Shupe, Graduate Student, Mechanical Engineering 
T. Viswanathan, Teaching Assistant, Mechanical Engineering 
F. J. Walker, Jr., Graduate Student, Mechanical Engineering 
S. Yamamoto, Research Assistant, Mechanical Engineering 

Support Staff: 
Rose S. Hurvitz, Secretary, Mechanical Engineering 

Personnel who have left: 
J. C. Batty (Now at Utah State University, Logan, Utah) 
D. L. Fehrs (Now at NASA, Cambridge, Massachusetts) 
H. C. Juvkam-Wold (Now at Gulf R 6 D Laboratory, Pittsburgh, Pa.) 
T. J. Lee (Now at The Astrophysics Unit, Culham Laboratory, England) 
D. S. Shupe (Now at University of Cincinnati, Cincinnati, Ohio) 
T. Viswanathan (Now at Cincinnati Milling Machine Company, Ohio) 
F. J. Walker, Jr. (Now at Pratt & Whitney, W. Palm Beach, Florida) 
S. Yamamoto (Now at Hitachi, Ltd., Tokyo, Japan) 

Degrees Granted: 

J. C. Batty, Sc.D., Mechanical Engineering, May 1969 
A. Dabiri, S.M., Mechanical Engineering, February 1969 
E. C. Juvkm-Wold, Sc.D., Mechanical Engineering, May 1969 



SECTION D - MATERIALS ENGINEERING 301 

D. S. Shupe, Sc.D., Mechanical Engineering, January 1969 
T. Viswanathan, Sc.D., Mechanical Engineering, May 1969 
F. J. Walker, Jr., S.M., Mechanical Engineering, January 1969 
S. Yamamoto, Ph.D., Mechanical Engineering, August 1969 

Sponsorship : 
Advanced Research Projects Agency, SD-90, DSR 71627 
Cabot Solar Energy Fund, DSR 27541 
Joint Services Electronics Program, DA36-039-AMC-O3200(E), DSR 70050 
National Aeronautics and Space Administration, NGR-22409-091, DSR 76127 

Research Report 

The general purpose of our research program is to study problems 
relating to the atomic, molecular, and electronic processes occurring at 
gas-solid interfaces. Examples of these processes are: thermionic emission, 
surface ionization, adsorption, absorption, oxidation, catalysis by metals, 
electrode processes in electrical discharges, and the scattering of molecular 
beams from solid surfaces. At present, we are concentrating on the following 
problems. 

1.0 Adsorption of Gases and Vapors on Solid Surfaces 

The objective of this study is to contribute to the development of a 

theory of adsorption of gases or vapors on solid surfaces. 
has been directed toward obtaining experimental data on both the energy and 
dipole moment of the adsorption bond between the adsorbate and the substrate. 
The energy is determined from residence-time measurements based on a modu- 
lated molecular-beam technique, whereas the dipole moment is inferred from 
thermionic and contact-potential measurements of the change in work function 
during adsorption. To obtain surfaces that are both clean and well-defined, 
singie-crystal specimens are employed together with ultrahigh vacuum tech- 
niques. 
alkali metals,,halogens, and oxygen on tungsten. 
during the coming year, and we also plan to construct an apparatus for 
detecting surface impurities by Auger electron spectroscopy. 

Our major effort 

During the past year we have studied the adsorption of various 
This work will be extended 
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2.0 Oxidtion of Metals at High Temperature and Low Pressure 

A quasi-thermodynamic approach has been applied to the reaction of 
gaseous 0 with various solids (W, Mo, and C) at high temperature and low 
pressure where the reaction products (oxides) are volatile. Cons 
the simplicity of the approach, the calculated evaporation rates of the 
various volatile products agree surprisingly well with existing mass- 

apectrometric data on these reactions, especially when we account 
fact that not all of the impinging molecules are equilibrated to the surface. 
Recently we have computed the rate of "erosion" of tungsten by volatile 
oxidation, and the results provide a semi-quantitative explanation of 
experimental data. 

2 

3.0 Catalytic Reactions at Gas-Solid Interfaces 

The abovementioned quasi-thermodynamic approach to heterogeneous re- 
actions 
of air pollution. 
and 02. 
obtained with various cataSytic materials. 
molecular-beam and mass-spectrometric techniques to determine the kinetics 
of these reactions and others (e.g., hydrogen dissociation and ammonia 
decomposition) for several different single-crystal catalysts. 

has also been applied to catalytic reactions relevant to the control 
We have considered reactions involving NO, CO, C02, Npr 

The results of these computations were compared with existing data 
In the future we plan to utilize 

4.0 Scattering of Gas Atoms and Molecules from Solid Surfaces 

A modulated molecular-beam apparatus has been used to investigate the 

The principal collisions of gas atoms and molecules with solid surfaces. 
goal is to determine the dependence of energy and momentum transfer on the 
properties of the gas and the solid, and on the structure and composition 
of the surface. Data have been obtained for the scattering of rare gases 
and atmospheric gases from the (110) face of a tungsten crystal. 
surface was intentionally contaminated with 0 
of determining the sensitivity of the scattering pattern to the degree of 
surface contamination. These results illustrate the potential usefulness 

of low-energy molecular scattering (LEKS) as a technique for studying both 
the properties of solid surfaces and the dynamics of gas-solid collisions. 

The W(110) 
and with CO for the purpose 2 
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5.0 Absorption, Permeation, and Desorption Processes for Gases 
Dissolved in Metals 

We have constructed an experimental apparatus for measuring the spatial 
and speed distributions of H2 desorbing from various metals; 
should lead to a better understanding of the process of "activated adsorption." 
Preliminary measurements are now being performed. 

these data 

6.0 Electrode Processes in Electrical Discharges 

Experimental and analytical studies of the interacrion of arcs or 
sparks with metallic electrodes have been performed, especially for those 
conditions encountered in electrical discharge machining. The results have 

led to a clearer understanding of the mechanism responsible for the erosion 
of material from the electrode surfaces. 

Theses : 

J. C. Batty, "A Quasi-Equilibrium Treatment of Gas-Solid Interactions," 
Sc.D., Department of Mechanical Engineering, May 1969. 

A. Dabiri, "Transient Desorption of Gases from Metals," S.M., Department of 
Mechanical Engineering, February 1969. 

H. C. Juvkam-Wold, "The Role of Interelectrode Distance in Electrical 
Discharge Machining," Sc.D., Department of Mechanical Engineering, 
May 1969. 

D. S. Shupe, "Theoretical Analysis of the Effect of Surface Processes on 

the Permeation of Gases through Metals," Sc.D., Department of 
Mechanical Engineering, January 1969. 

T.'Viswanathan, "Erosion Characteristics and Material Transfer in Electrical 
Discharge Machining," Sc.D., Department of Mechanical Engineering, 

May 1969. 
F. J. Walker, Jr., "Thermionic Studies of Oxygenated Tungsten and Rhenium 

in a Cesium Atmosphere," S.M., Department of Mechanical Engineering, 
January 1969. 

S. Yamamoto, %o>ecular Beam Study of the Scattering of Atoms and Molecules 
from the (110) Face of Tungsten Crystal," Ph.D., Department of 
Mechanical Engineering, August 1969. 
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Publications: 

D. S. Shupe and R. E. Stickney, "Thermodynamics of the Solubility and Permea- 
tion of Hydrogen in Metals at High Temperature and Low Pressure," to 
be published in J. Chem. Phys., 1969. 

J. C. Batty and R. E. Stickney, "Thermodynemics and Kinetics of Heterogeneous 
Reactions," M.I.T. Research Laboratory of Electronics, Tech. Report 
No. 473 (June 1969). (A shortened version of this report has been 
accepted for publication in the Journal of Chemical Physics.) 

D. L. Fehrs and R. E. Stickney, "Contact-Potential Measurements of the 
Adsorption of 12, Br2, and C12 on Bare Cesiated W(lOO)," to be 
published in Surface Science. 

Y-S. Lou and R. E. Stickney, "Velocity Distrihution Measurements for Near- 
Free Molecule Flow thr'ough an Orifice," to be published in the Physics 

of Fluids. 
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XI. MOLECULAR BEAM LABORATORY 

Faculty: 
J. P. Moran, Assistant Professor, Aeronautics and Astronautics 
H. Y. Wachman, Professor, Aeronautics and Astronautics 
L. Trilling, Professor, Aeronautics and Astronautics 

Research Staf E: 
P. H. Bauer, DSR Staff, Aeronautics and Astronautics 

Graduate Students: 
Joseph Falcovitz, Resear.ch Assistant, Aeronautics and Astronautics 
Roy Krupp, Research Assistant, Aeronautics and Astronautics 
Leong Ong, Research Assistant, Aeronautics and Astronautics 

James C.F. Wang, Research Assistant, Aeronautics and Astronautics 

Vreg Yousefian, Research Assistant, Aeronautics and Astronautics 

Sponsorship: 
Air Force Office of Scientific Research, AF 49 ( 6 3 8 ) - 1 6 0 1 ,  DSR 76043 

National Aeronautics and Space Administration, NGR 22-009-121, DSR 71479 

Office of Naval Research, Nonr 3 9 3 6 ( 0 3 ) ,  DSR 79373 

Research Report 
During the calendar year 1969 our group has consisted of three professors, 

s i x  graduate students, and one full time research engineer. 

several undergraduates h.we worked in the laboratory and two pre-college 

In addition, 

youngsters of under privileged background have been employed in the summer 
as laboratory assistnat. 

Our experimental work included the construction, shakedown and preliminary 

calibration of a large vacuum facility and of a molecular beam source of mixed 

helium and argon to provide energies up to 2 eV. 
testing of instfumentation is now proceeding. 

Design and preliminary 

We have worked out a theory f o r  the interaction of ions with salid 

surfaces in which Auger neutralization occurs on impact. 

the new classical interaction model in which a solid is an elastic continuous 
half space. 

from the continuum and from the kinetic point of view. 

We have completed 

We have also approached the problem of rarefied flow in nozzles 
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Publications : 

M. R. Busby and L. Trilling, "The Interaction of Diatomic Gas Molecules with 
Solid Surfaces", Proceedings of Sixth Rarefied Gas Dynamics Symposium, 
Academic Press Inc., New York, New York, 1969. 

J. P. Moran, H. Y. Wachman, L. Trilling, "Scattering of Monoenergetic Argon 
Beams from Heated Platinum: 

The Physics of Fluids, vol. 12, no. 5, May 1969. 
Planar Time of Flight Measurements", 

J. P. Moran, "A Thermal Energy Molecular Beam Source for Use in Scattering 
Experiments", to be published in Journal of American Institute of 
Aeronautics and Astronautics. 

L. T. Ong, "Thermal Accommodation on Continuum Solid", Master of Science 
Thesis, Department of Aeronautics and Astronautics, M.I.T., 1969. 

M. M. Polak and L. Trilling, "Velocity Distribution Deviations in Molecular 
Effusion from an Orifice", Proceedings of Sixth Rarefied Gas Dynamics 
Symposium, Academic Press Inc., New York, New York, 1969. 

L. Trilling, J. Falcovitz, J.  P. Moran and H. Y. Wachman, "Application of 
Moleuclar Beamsm the Study of Gas Surface Interactions at Low and 

Moderate Energies", presented by L. Trilling at Second International 
Symposium on High and Intermediate Energy Molecular Beams, Cannes, 

France; to be published in Entropie. 
J.C.F.  Wang and P.H.Bauer, "Measurements of Spatial Distribution of Species 

in Helium Argon Gas Mixtures Expanding in Supersonic Jets", Proceedings 
of Sixth Rarefied Gas Dynamics Symposium, Academic Press Inc., New York, 
New York, 1969. 
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XII. MOLECULAR BEAM DETECTOR - ADSORBATE SPUTTERING 

Faculty: 
J. P. Moran, Assistant Professor, Aeronautics and Astronautics 

Research Staff: 

P. H. Bauer, DSR Staff, Aeronautics and Astronautics 

Graduate Students: 
L. T. Ong, Research Assistant, Aeronautics and Astronautics 

Support Staff: 

C.  2 .  Cox, Secretary, Aeronautics and Astronautics 

Sponsorship: 

‘Air Force Office of Scientific Research, AF 49(638)-1601, DSR 76043 

Advanced Research Project Agency, SD-90, DSR 71628, DSR 78880 

Research Report 

* We are attempting to detect a molecular beam of neutral argon with 
translational energies of a few electron volts or larger by the process of 
collisional sputtering of an alkali metal adsorbed at low coverage on a metal 
surface. Since the alkali metal is sputtered as ions from a variety of metal 
surfaces, the process should provide a direct electrical signal proportional 

to the intensity of the incoming argon beam. 
which began in July 1969, we will attempt to detect a sputtered ion signal and 
relate the detector sensitivity to parameters in the system such as molecular 

beam energy, alkali metal species and substrate material. 

In this preliminary investigation, 

1.0 Adsorbate Sputtering 

A coarse theoretical analysis of adsorbate sputtering and a review of 

available data on bulk phase sputtering by neutral particles leads us to 

believe that the proposed detection scheme will provide adequate sensitivity 
to conduct the parametric study mentioned above. 
completed and the fabrication of control and detection electronics is underway. 

A molecular beam source for the production of argon and krypton beams with 

’ 

The detector is nearly 
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translational energies in the range one to six electron Volts is being de- 
veloped under separate contract and should be operational -.hen the 
sputtering detector is completed. 
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XIII. CRYOGENIC ENGINEERING LABORATORY 
MECHANICAL ENGINEERING DEPARTMENT 

Faculty : 
J. L. Smith, Jr., Professor, Mechanical Engineering 
H. H. Woodson, Professor, Electrical and Mechanical Engineering 
C. Kingsley, Jr., Associate Professor, Electrical Engineering 
E. G. Cravalho, Assistant Professor, Mechanical Engineering 
P. Thullen, Assistant Professor, Mechanical Engineering 

Research Staff: 
P. A. Rios, Research Associate, Mechanical Engineering 

Graduate Students: 
K. R. Diller, Research Assistant, Mechanical Engineering 
C. Ezekwe, M.I.T. Fellow, Mechanical Engineering 
W. S. Harris, Research Assistant, Mechanical Engineering 
J. L. Kirtley, Jr., Research Assistant, Electrical Engineering 
K. Koenig, Research Assistant, Mechanical Engineering 
W. D. Lee, Research Assistant, Mechanical Engineering 
D. Luck, Lt., U.S.N., Electrical Engineering 
M. Shaw, Research Assistant, Mechanical Engineering 
J. F. Sinnamon, Research Assistant, Mechanical Engineering 

* Supporting Staff: 
R. P. Cavileer, DSR Staff, Mechanical Engineering 
K. H. Benner, Project Technician, Mechanical Engineering 
R. D. Gertsen, Technician A 
W. J. Shea, Mechanic 
Rachel P. Levin, Administrative Assistant 
Susan P. Oliver, Secretary 

\ 

Personnel who have left: 
P. M. Andersen, Research Assistant, Mechanical Engineering (Now at 

General Electric Co., Lynn, Mass.) 
Erica L. Coburn, Research Assistant, Mechanical Engineering (Now at 

Arthur D. Little Co., Cambridge, Mass.) 
R. S. Rosen, Research Assistant, Mechanical Engineering (Now at 

Sterling School, Craftsbury Common, Vermont) 
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Personnel who have left (continued): 
T. J. Tennison, 111, Research Assistant, Mechanical Engineering (Now at 

Mitre Corp., Bedford, Mass.) 

3. O'Callaghan, Machinist, retired. 

Degrees Granted: 

P. X. Andersen, S.M., Mechanical Engineering, January 1969 
Erica L. Coburn, S.M., Mechanical Engineering, September 1969 
J. C. Dudley, S. 8. and S. M., Mechanical Engineering, May 1969 
P. A. Rios y Cartaya, Sc.D., Mechanical Engineering, June 1969 
R. S. Rosen, S.B. and S.M., Mechanical Engineering, June 1969 
T. 3. Tennison, 111, S.M., Mechanical Engineering, March 1969 
P. Thullen, Ph.D., Mechanical Engineering, May 1969 

W. M. Toscano, S.M., Mechanical Engineering, January 1969 

Sponsorship: 

Partly self-supporting 
Union Carbide Grant, DSR 21753 

Sloan Basic Foundation, DSR 27687 
National Science Foundation (Grant No. GK-3686), DSR 70967 

Edison Electric Institute, DSR 71536 
Lincoln Laboratory, AF 19(628)-5167, P. 0. No. A1681, DSR 71712 

Research Report: 
The continuing activities in the Laboratory include: investigation of 

refrigeration cycles of the Stirling type, application of metal-bellows 
expansion engines and compressors to miniature cryogenic refrigeration 
systems, the transient boiling heat transfer to liquid helium for appli- 
cation to the thermal stabilization of superconductors, the engineering 

problems of refrigeration below 1°K with He3-& 
radiation properties of solids at cryogenic temperatures, the propagation 

of thermal radiation in absorbing media, the freezing and thawing of 

4 mixtures, the thermal 

biological cells. # 

The researc'h on the application of superconductors to large synchronous 
An 85-KVA, 3600 RPM demon- generators has continued on an expanded scale. 

stration generator has been completed, run and tested successfully. The 
generator has a superconducting field winding contained within a rotating 
dewar vessel. The stator is a room temperature copper winding surrounded 

by an iron magnetic shield. A 2000 to 6000 KVA generator is being designed 
and will be constructed within the next two years. 
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Research Report (continued): 

A new project has been initiated to apply the experience of the Labora- 
tory with Stirling cycles to the development of a hot gas engine for power 

production. 
The facilities and services of the Cryogenic Engineering Laboratory 

have continued to be available to and widely utilized by the Institute 
Community. Approximately 99,860 liters of liquid helium were supplied 

in the last year. 

Theses: 
P. M. Andersen, "Design and Construction of a System for Separation of 

3 Mixtures of He and He4", S.M. , Department of Mechanical Engineering, 
. January 1969 

E. L. Coburn, "The Effect of a Thin Film on the Radiative Properties of 
Solids", S.M., Department of Mechanical Engineering, September 1969 

J. C. Dudley, "Fabrication of an Armature for a Generator with a Super- 

conducting Rotating Field Winding", S.B. and S.M., Department of 
Mechanical Engineering, May 1969 

P. A. Rios y Cartaya, "An Analytical and Experimental Investigation of 
the Stirling Cycle", Sc.D., Department of Mechanical Engineering, 
June 1969 

R. S. Rosen, "Infrared Absorptivity of Metals at Cryogenic Temperatures", 
S.B. and S.M., Department of Mechanical Engineering, June 1969 

T. 3. Tennison, "Design of a Miniature 20°K Cryogenic Refrigerator Using 

Welded Metal Bellows Expansion Engines", S.M., Department of Mechanical 
Engineering, March 1969 

P. Thullen, "Analysis of the Application of Superconductivity to Commer- 
cial Electric Power Generation", Ph.D., Department of Mechanical En- 
gineering, May 1969 

W. M. Toscano, "Radiative Properties of Thermistor Beads", S.M., Depart- 
ment of Mechanical Engineering, January 1969 

Publications : 
E. B. Qvale and J . . L .  Smith, Jr., "An Approximate Solution for the 

Thermal Performance of a Stirling-Engine Regenerator", Trans. ASME, 
3. Eng. for Power, April 1969, pp 109-112. 

P. A. Rios, E. B. Qvale and 3. L. Smith, Jr., "An Analysis of the Stirling- 
Cycle Refrigerator", Advances in Cryogenic Engineering, Vol. 1 4 ,  1969, 

pp 332-342.  
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publications (continued) : 
H. F. Bowman, J. L. Smith, Jr., and T. 0. Ziebold, "The Influence of 

Nuclear Radiation on Pool-Boiling Heat Transfer to Liquid Helium", 
, Vol. 91, B, 2, May 1969, 

pp 501-507. 
H. F. Bowman, T. 0. Ziebold, J. L. Smith, Jr., "Low Temperature Thermal 

Conductivity of Copper Irradiated with Reactor Neutrons", Thermal 
Conductivity, Proc. 8th Conf., Edited by C.Y. Ho and R.E. Taylor. 
Plenum Press, N. Y. 1969, pp 175-184. 

E. B. Qvale and J. L. Smith, Jr., "A Simple Correlation for the Heat 
Transfer Characteristics of a Family of Matrices Subjected to Complex 
Flow Conditions", Cryogenics, February 1969, pp 62-63. 

P. Thullen and J. L. Smith, Jr., "The Design of a Rotating Dewar and . 
Field Winding for a Superconducting Alternator", Paper G-1, pre- 
sented at 1969 Cryogenic Engineering conference, June 16-18, U.C.L.A. 

L. L. Giventer and J. L. Smith, Jr., "Transient Pool-Boiling of Liquid 
Nitrogen Due to a Square Wave Heat Flux", Paper 1-4, presented at 
1969 Cryogenic Engineering Conference, June 16-18, U.C.L.A. 

E. G. Cravalho, G. A. Domoto, and C. L. Tien, "Measurements of Thermal 
Radiation of Solids at Liquid-Helium Temperatures", published in 
"Thermal Design Principles of Spacecraft and Entry Bodies", Progress 
in Astronautics and Aeronautics, Vol. 21, Edited by Jerry T. Bevans, 
Academic Press, New York, 1969, pp 531-542. 

E. G. Cravalho and E. L. Coburn, !'The Effect of Thin Surface Films on the 
Radiative Properties of Metal Surfaces", Preprint, Paper No. 69-623, 
presented at AIAA 4th Thermophysics Conference, June 16-18, San Fran- 
cisco, California. 
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XIV. CHEMICAL ENGINEERING OF MATERIALS 

1 .0  Structure-Property Relationships for Membrane Permeation 

Faculty: 
E. R. Gilliland, Professor ,  Chemical Engineering 
S .  M. Fleming, Instructor, Chemical Engineering 

Graduate Students: 
S. M. Nemser, NSF Trainee, Chemical Engineering 

Sponsorship: 
National Science Foundation, GK 1338, DSR 70267 

Research Report : 
A program for the development of materials for reverse  osmosis mem- 

branes i s  being carr ied out . Membranes are  being made from solutions 
of highly esterified cellulose e s t e r s  mixed with flux-promoting hydrophilic 
polymers. 
with either polyethylene glycol (PEG) or polyvinyl-pyrrolidone ( P V P ) ,  
4 weight per  cent NaC1, and at a pressure of 1,500 pounds per square inch 
(psi), the pure homogeneous CTA rejects  99. 3 per  cent of the sal t  and has a 
wat& flow of only 0.02 gal-mil/square foot/day. Incorporation of either 9 
per  cent P V P  o r  9 per  cent PEG into CTA membranes increases the water 
flux by a factor of 5 to 6 with no decrease in salt rejection. Addition of 17 

per  cent P V P  to CTA membranes does not increase the flow over that of 9 
per  cent addition, but the salt rejection decreases to 80 per  cent. On the 
other hand, addition of 17 per  cent PEG increases the flow ra te  by a factor of 
20 over pure CTA membranes, while the rejection drops to only 87 per  cent. 

The investigation is being continued with PEG and PBP concentrations 
over a greater  range and with other hydrophilic flux-promoting polymers. 

A project directed toward fundamental understanding of the structural 
factors limiting the r a t e s  of selective molecular transport through semi- 
permeable membranes was initiated by Mr. Fleming. Attention has been 
focused on experimental and theoretical study of the permeation of water and 
an electrolytic solute (NaCl) through cellulose nitrate membranes. 
approach was taken because of the current interest in membrane transport 
processes, such a s  reverse  osmosis, related to  desalination of water. 

Studies have been made with cellulose triacetate (CTA) mixed 
Using 

This 
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. Cellulose nitrate has excellent salt rejection properties and good chem- 
ical stability, but ra tes  of flow of desalted water through the membranes 
are very low. 
through the cellulose nitrate can be promoted,, and i f  the ra te  can be in- 
creased markedly, what is  the effect on the rate  of permeation of solutes 
such a s  sal t?  

The question a r i ses  as  to how the rate  of permeation of water 

The approach used thus fa r  has been to  cast cellulose nitrate mem- 
branes from solution of controlled composition. 
cellulose nitrate is a mixture of a good solvent (acetone o r  "Ethyl Cellosolve") 
and a moderately poor solvent (dioxane and/or water). 
que of preparing membranes is not new, but apparently has not been used 
successfully in preparation of cellulose nitrate membranes for water de- 
s alination. 

The organic solvent for the 

This general techni- 

The initial test results a re  encouraging; when tested with 1.5N NaCl 
brine ( which is slightly more concentrated in NaCl than sea  water) at 1500 
psi, 25OC, expanded cellulose nitrate membranes have given 99. 5 per cent 
rejection of NaCl at a water flux of 1.5 gallons per  day per  square foot of 
membrane surface. 
single pass  through the membrane. The water flux rate is substantially low- 
er than that observed for cellulose acetate under comparable test conditions, 
and is at least an order  of magnitude lower than that required for practical 
interest. However, it is significant that the product flux through the mem- 
brane is two orders  of magnitude higher than that through unexpanded cellulose 
nitrate films, and the intrinsically high rejection of cellulose nitrate films 
has been retained. 

This rejection is adequate to give drinkable water in a 

2.0 Reverse Osmosis Desalinization Membranes 

Faculty: 
A .  S. Hoffman, Assoc. Professor, Chemical Engineering 
M. Modell, A s s t .  Professor, Chemical Engineering 
S. M. Fleming, Instructor, Chemical Engineering 

Graduate Students : 
E. Kiran, Undergraduate Student, Chemical Engineering 
I. Onal, Undergraduate Student, Chemical Engineering 

Sponsorship: 
Office of Saline Water, U. S. Dept. of Interior, Grant No. 14-01-0001- 
1256, DSR 70641 
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Research Report 

Investigation has been completed on the preparation and properties of new 
membranes prepared by terpolymerizing o r  tetrapolymerizing various acrylic 
monomers, in order  to develop new and useful reverse  osmosis desalination 
membranes. The membranes a re  first characterized by their salt and water 
contents as  a function of salt concentration in solution. Following this, their 
reverse  osmosis performance is studied. The results have been interpreted 
in terms of a model that depicts two water-transport mechanisms: primary 
H-bonded water free of salt,  and secondary water associated with salt ions. 
F rom this analysis, predictions have been made as  to how composition 
should be changed to obtain improved flux and permselectivity to  water, and 
these predictions have recently been verified experimentally. 
the requirements for optimum flux-rejection properties are:  a high concen- 
tration of hydrophilic sites, raudomly distributed in a lightly cross-linked 
matrix above its glass transition temperature under use conditions. Some 
of the membranes developed are  better in performance (flux and salt rejection) 
than dense, homogeneous cellulose acetate; work is in progress  to polymerize 
the best monomer compositions in thin layers of porous supports. Sorption 
isotherms are  also being measured for a s e r i e s  of membrane compositions 
in which the hydrophilic monomer content is progressively increased. 
Lundberg cluster integrals can be calculated from these isotherms and the 
results a re  being used to correlate reverse  osmosis performance with the 
distribution of water within the membrane. 

In general, 

Zimm- 

3 .  0 Properties Df Complex Coacervates of Polyelectrolytes 

Faculty: 
A .  S. Hoffman, Assoc. P-ofessor, Chemical Engineering 

Graduate Students : 
S. H. Wu, Scientific Design Fellow, Chemical Engineering 

Research Report: 
The investigation of viscoelastic behavior of biocolloid-like complex 

coacervate systems has been completed. Reaction products of oppositely 
charged polyelectrolytes of different charge frequency along the backbone 
w e r e  studied. 
NaCI, NaBr, and Nal. reveals the increased significance of ion-binding of 
the halide ion to  the quaternary polyion in the ser ies  iodide, bromide, and 
chloride. The salt and water contents of swollen films are measured in 

The swelling of such materials in salt solutions, such a s  
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these solutions. Stress-strain behavior of the coacervates immersed in  
these same salt solutions has led to attempts to correlate and predict the 
modulus as well as the viscoelastic response based on the swelling data. 
Measurement of swelling data in these systems also permit a revision and 
refinement of the equilibrium thermodynamic theory of complex coacerva- 

tion. 

4. 0 Cataiysis 

4.1 Diffusion and Reaction in Porous Materials 

Faculty:  
C. N.  S a t t e r f i e l d ,  P ro fes so r ,  Chemical Engineering 

Graduate Students:  
Chon Cheng, Graduate Student,  Chemical Engineering 
Wayne P i t c h e r ,  Graduate Student ,  Chemical Engineering 

Personnel who have l e f t :  
J. R. K a t z e r  (Now A s s i s t a n t  P ro fes so r ,  Universi ty  of D e l a w a r e )  

Degrees Granted: 
J. R. Ka tze r ,  Ph.D., Chemical Engineering, October 1969 

Sponsorship: 
Nat ional  Science Foundation, GK-1707, DSR 70554 

Research Report: 

I n  t h e  r e c e n t  s tudy of Margetts,  t h e  rates of d i f f u s i o n  of 
methane, normal butane,  isobutane,  and perf luorobutane i n t o  w e l l -  
cha rac t e r i zed  s i n g l e  c r y s t a l s  of sodium mordenite were 
measured a t  25 - 100°C, using a r a p i d l y  responding cons t an t  
volume system. The d i f f u s i o n  c o e f f i c i e n t s  w e r e  of t h e  o rde r  
lo'* - 10-9cm2/sec and exh ib i t ed  a m a x i m u m  va lue  with t i m e .  
Fu r the r  a n a l y s i s  of Marget ts '  d a t a  shows t h a t  t h i s  cannot be 
a sc r ibed  to  shape, s i z e ,  o r  s u r f a c e  i r r e g u l a r i t i e s  of t h e  crys- 
t a l s  i f  d i f f u s i o n  indeed obeyed F i c k ' s  l a w .  Rather,  t h e  
phenomenon seems t o  be caused by an i n i t i a l  temperature inc rease  
a s soc ia t ed  with t h e  h e a t  of adsorpt ion.  The d i f f u s i o n  charac- 
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teristics of different samples of mordenite vary greatly and 
this may be a possible cause of non-reproducibility of catalytic 
activity. 

A paper summarizing the study of Margetts was presented at 
the Annual Meeting of the AIChE in Washington in November, 1969 
and is being submitted for publication in the AIChE Journal. 

the counterdiffusion of selected aromatic hydrocarbons in H- 
mordenite and several type Y zeolites. The pore structure of 
freshly activated zeolite, in the form of single crystals, was 
saturated with the hydrocarbon whose diffusion rate was to be 
determined. The saturated zeolite was then placed in a second 
aromatic hydrocarbon, and the rate at which the preadsorbed 
hydrocarbon diffused out wa.s determined. 

Benzene and cumene molecules do not counterdiffuse in the 
pores of H-mordenite. H-mordenite is, however, an active cat- 
alyst for the alkylation of benzene to form cumene under the 
conditions of the diffusion studies, and therefore the reaction 
must be occurring either on the particle surfaces or just within 
the pore mouths. Desorption rates of benzene and cumene from 
H-mordenite are very slow and have associated with them very 
high activation energies, as high as 20 kcal/mole. For cumene 
the desorption rate appears to be affected by cumene radical- 
ions and/or by diisopropyl benzene molecules which are formed 
by the disproportionation of cumene in the H-mordenite pore 
structure. 

The reFently-completed Sc.D. thesis of Katzer focussed on 

With the type Y zeolites counterdiffusion of benzene, 
Cumene, and even the substituted naphthalenes readily occurs. 
The rate of desorption is affected by impurities in the hydro- 
carbons, by the nature of the hydrocarbon into which desorption 
is occurring, and by the critical diameter of the desorbing 
molecule; and is much less than the rate of adsorption of the 
pure hydrocarbon. Activation energies are again very high. The 
effective diffusion coefficients for 1-methyl naphthalene de- 
sorbing from several ion-exchanged forms of the type Y zeolite 
vary by over two orders of magnitude in the order: 

Nay < CaY < SK-500 CeY < NH4Y . 
The studies on H-mordenite will be presented in a paper to 

be given at the Third Joint Meeting of the AIChE and the Puerto 
Rico Institute of Chemical Engineers, to be held in May, 1970. 
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The s t u d i e s  on type Y zeo l i t e  w i l l  be  repor ted  a t  t h e  2nd 
I n t e r n a t i o n a l  Conference on Molecular Sieve Zeolites t o  be held 
a t  t h e  Worcester Polytechnic I n s t i t u t e  i n  September, 1970 and 
w i l l  be published i n  a volume i n  t h e  Advances i n  Chemistry 

S e r i e s  t h a t  w i l l  contain p r e p r i n t s  and proceedings of the con- 
ference.  

I n  our c u r r e n t  s t u d i e s ,  Nr. Cheng is examining var ious 
o t h e r  a s p e c t s  of the counterd i f fus ion  p r o p e r t i e s  of l i q  
hydrocarbons i n  z e o l i t e s ,  including t h e  e f f e c t s  of impur i t ies  
and some i n v e s t i g a t i o n  of adsorpt ion e q u i l i b r i a  i n  binary 
mixtures. M r .  P i t c h e r  i s  examining r e s t r i c t e d  d i f f u s i o n  of 
l a r g e r  molecules, i n  t h e  genera l  range ofolOOO to  5000 molecular 
weight,  i n  pores of t h e  order  of 20 - 50 A, such a s  those en- 
countered i n  s i l i ca  g e l ,  Vycor g l a s s ,  dnd i n  a number o f  

i n d u s t r i a l  c a t a l y s t s .  

Theses : 
J. R. Katzer,  "Counterdiffusion of Liquid Hydrocarbons i n  

Zeolites , I' Ph.D. , Department of Chemical Engineering, 
October 1969. 

Publ icat ions:  
C. N. S a t t e r f i e l d ,  "Mass Transfer  i n  Heterogeneous Cata lys i s , "  

(book), The MIT Press, 1970. 

C. N. S a t t e r f i e l d ,  A. A. Pelossof ,  and T. K. Sherwood, 
"Mass Transfer  Limitat ions i n  a Trickle-Bed Reactor , I' 
A.1.Ch.E. J. 15, 226-234 (1963). 

C. N.  S a t t e r f i e l d ,  "Gaseous Diffusion and Flow i n  Commercial 
C a t a l y s t s  a t  Pressure Levels Above Atmospheric," 
Correspondence, Ind. Eng. Chem., Fundamentals 8, 
175-176 (1969). 
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4. 2 Interphase Electronic Interactions in Polyphase Solid Catalysts 

Faculty: 
R. F. Baddour, Professor ,  Chemical Engineering 
M. C. Deibert, A s s t .  Professor ,  Chemical Engineering 

Graduate Students : 
R. W. Kline, Research Assistant, Chemical Engineering 

Sponsorship: 
National Science Foundation, GK-l699X, DSR 70558 

Research Report: 

nic interaction between the catalyst and the support. 
investigation is nickel supported on germanium. 
tude of the Volta potential difference and specific interphase charge transfer 
can be predicted using the Schottky analysis of metal-semiconductor contact. 
The variations in these parameters ,  brought about by changes in the type and 
concentration of impurities in the germanium, have been shown to influence 
the kinetics for formic acid decomposition on the supported nickel. 
measurements a re  being made to determine if the kinetics of ethylene hydro- 
genation on the nickel catalyst i s  similarly influenced by support-catalyst 
electronic interaction effects. 
specific nickel surface a rea  are  being utilized to provide a more complete 
characterization of the nickel-germanium catalyst system. 
research  the thermal stability and adsorptive properties of high surface area,  
vacuum crushed germanicm have been determined. Germanium powders with 
surface a reas  on the order  of 100 square centimeters per  gram suffer about 
10 per  cent loss in a rea  by sintering under vacuum at 3OO0C for one hour. 
Neither the freshly crushed nor the sintered germanium powder absorbs 
measur able quantities of carbon monoxide. 

Investigation continues.on the promoting influence of interphase electro- 
The catalyst under 

In this system the magni- 

Additional 

Measurements of total surface a rea  and 

A s  a par t  of this 
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4. 3 Heterogeneous Catalysis 
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Research Report 
One of t h e  long-term o b j e c t i v e s  of t h i s  r e sea rch  i s  t o  

develop methods f o r  eva lua t ing  s p e c i f i c  rate c o n s t a n t s  of elemen- 
t a r y  c a t a l y t i c  r e a c t i o n s .  I t  i s  bel ieved t h a t  t h e s e  s p e c i f i c  
rate cons t an t s  w i l l  be more amenable than o v e r a l l  rate cons t an t s  
t o  meaningful c o r r e l a t i o n  with parameters of t h e  c a t a l y s t .  To 
eva lua te  s p e c i f i c  rate cons t an t s ,  it i s  necessary and s u f f i c i e n t  
t o  know t h e  t r u e  sequence of elementary s t e p s  ( i .e. ,  t h e  mechan- 
i s m ) ,  t h e  rate of t h e  o v e r a l l  r e a c t i o n ,  and t h e  concentrat ions of 
su r face  in t e rmed ia t e s .  

The near-term o b j e c t i v e s  are t o  develop techniques f o r  
determining mechanisms and concentrat ions of su r face  
intermediates .  To date, e f f o r t s  have been concentrated o n  metal- 
catalyzed,  gas-phase r e a c t i o n s .  

concentrat ions c o n s i s t s  of using i n f r a r e d  spectroscopy to measure 
surface condi t ions.  Surface s p e c t r a  and o v e r a l l  rate are follow- 
ed a t  va r ious  temperatures and qas compositions. 

9ne method proposed f o r  determining mechanisms and surface 
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pos tu l a t ed  mechanisms are t e s t e d  d i r e c t l y  by comparinq experi-  
mental and t h e o r e t i c a l  forms of t h e  rate expressed i n  terms of 
su r face  concentrat ions.  

I n  an experimental  program i n i t i a t e d  i n  1963, simultaneous 
i n f r a r e d  and k i n e t i c  measurements w e r e  made f o r  CO ox ida t ion  on 
s i l i ca - suppor t ed  palladium c a t a l y s t s .  For t h e  CO-Pd system, two 
types of su r face  s p e c i e s  were i d e n t i f i e d  by i n f r a r e d  spectro-  
scopy. 
because t h e  background absorpt ion of t h e  s i l i ca  support  i s  
i n t e n s e  i n  t h e  r eg ion  where Pd-02 bands are bel ieved to  occur. 
The r e s u l t s  i n d i c a t e d  c l e a r l y  the  inadequacy of t h e  conventional 
k i n e t i c  approach f o r  determining mechanisms and t h e  value of 
simultaneous i n f r a r e d  and k i n e t i c  measurements. However, t h e  
experiments w e r e  n o t  s u f f i c i e n t  t o  i d e n t i f y  unequivocally the  
r e a c t i o n  mechanism. Two e s s e n t i a l  p i eces  of data w e r e  lacking:  
spectroscopic  observat ion of t h e  palladium-oxygen spec ie s ,  and 
e x t i n c t i o n  c o e f f i c i e n t s  of t h e  su r face  spec ie s .  Two inves t iga -  
t i o n s  now i n  progress  are aimed a t  developing methods f o r  
obtaining t h e  a d d i t i o n a l  data. 

A program w a s  i n i t i a t e d  i n  1967 with t h e  a i m  of using t h i s  
technique f o r  t h e  CO ox ida t ion  on s i l i ca - suppor t  platinum. I t  
w a s  bel ieved t h a t  t h e  e x t i n c t i o n  c o e f f i c i e n t  f o r  CO adsorbed on 
P t  would be easier t o  o b t a i n  than t h a t  of CO on Pd because t h e  
former system e x h i b i t s  only one i n f r a r e d  band i n  t h e  4 t o  6u  

region whereas t h e  l a t te r  system e x h i b i t s  two. Thus, it had been 
proposed t h a t  only one CO s u r f a c e  s p e c i e s  e x i s t e d  on P t .  Quant i -  
t a t i v e  r e s u l t s  obtained t o  d a t a  i n d i c a t e  t h a t  t h i s  i n t e r p r e t a t i o n  
of t h e  Pt-system is  too naive.  The adso rp t ion  i s o b a r s  and 
e x t i n c t i o n  i s o b a r s  show a maximum i n  amount adsorbed and adsor- 
bance, r e s p e c t i v e l y .  W e  have t e n t a t i v e l y  i n t e r p r e t e d  t h e s e  data 

i n  terms of two adsorbed CO s p e c i e s ,  each having a C-0 s t r e t c h i n g  
band absorbing a t  t h e  same frequency. More d e t a i l e d  isobars and 
isotherms are being obtained so t h a t  t h e  h e a t  of adsorpt ion of 
each s p e c i e s  can be evaluated,  These r e s u l t s  i n d i c a t e  c l e a r l y  
t h e  problem a s s o c i a t e d  with basing s t r u c t u r a l  assiqnments upon 
observat ion of a l i m i t e d  reqion of t h e  i n f r a r e d .  To d i s t i n g u i s h  
between t h e  two s p e c i e s  of CO adsorbed on P t ,  it w i l l  he necess- 
a r y  t o  determine t h e  normal v i b r a t i o n s  of t h e  platinum-carbon 
bonds which probably absorb i n  t h e  1 0  t o  2 5 ~  region. 

Palladium-oxygen adsorpt ion bands w e r e  no t  observed 
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Althouqh 112 - D2 exchanqe on m e t a l s  (and on 'n i cke l  i n  
p a r t i c u l a r )  has  been t h e  s u b j e c t  of  numerous s t u d i e s ,  t h e  
mechanism i s  f a r  from understood.  S e v e r a l  mechanisms have been 
prQposed, b u t  each  i s  unduly n a i v e  because on ly  one form of  
adsorbed hydrogen is cons idered  t o  be p r e s e n t  (molecular i n  t h e  
Rideal-Eley mechanism, atomic i n  t h e  Bonhoeffer-Farkas mechanism, 
etc.). Within t h e  l as t  twenty y e a r s ,  new techniques  have been 
used ( e .q . ,  i n f r a r e d ,  f l a s h  d e s o r p t i o n ,  work f u n c t i o n )  to  show 
t h a t  many adsorbed forms of hydrosen c o e x i s t  on a s i v e n  m e t a l ,  
t h e  number of  forms i n c r e a s i n g  w i t h  i n c r e a s i n q  p res su re .  

The t h i r d  i n v e s t i q a t i o n  w a s  i n i t i a t e d  i n  1968 to  de termine  
t h e  mechanism of  H 2  - D 
forms of adsorbed hydroqen. The approach once aqa in  i s  t o  
de termine  s imul taneous ly  o v e r a l l  r a t e s  and c o n c e n t r a t i o n s  of 
i n d i v i d u a l  adsorbed s p e c i e s .  Temperature-programmed d e s o r p t i o n  
i s  to  be used to  de termine  s u r f a c e  c o n c e n t r a t i o n s  of adsorbed 
s p e c i e s .  

between Chemisorption and c a t a l y t i c  s t u d i e s .  I f  t h e  rates o f  
a d s o r p t i o n  or  d e s o r p t i o n  of t h e  v a r i o u s  s p e c i e s  of  hydrosen 
adso rba te  and t h e i r  rates o f  i n t e rchanqe  can be e s t a b l i s h e d ,  t hen  
combining t h i s  w i t h  i so therms f o r  t h e  i n d i v i d u a l  s p e c i e s  enab le s  
one t o  p r e d i c t  t h e  r a t e  of H2 - D 

chances of  s u c c e s s ,  experiments  w i l l  be conducted on f a c e s  of  
s incj le  c r y s t a l  n i c k e l  under c o n d i t i o n s  where no m o r e  t han  t w o  or 
t h r e e  s p e c i e s  are thought  t o  c o e x i s t  ( t empera tu res  above 300'K 
and p r e s s u r e s  below lo-' t o r r ) .  Much o f  t h e  desired rate d a t a  
should  be o b t a i n a b l e  by e l e c t r o n  probe s u r f a c e  mass spec t romet ry  
and by f l a s h  d e s o r p t i o n .  

The f i f t h  exper iment ,  i n i t i a t e d  i n  1968, w a s  d i r e c t e d  a t  
s tudy ing  t h e  rates of an  even s impler  system. The behavior  of CO 

and NO du r ing  chemisorp t ion  on a series of c l e a n  t r a n s i t i o n  m e t a l  
f i l m s  w i l l  be i n v e s t i g a t e d .  The temperature-proqrammed desorp-  
t i o n  technique  w i l l  be  u t i l i z e d  t o  i d e n t i f y  t h e  v a r i o u s  s p e c i e s  
chemisorbing a t  room tempera ture  and a t  p r e s s u r e s  from lo-' t o  

exchange t ak inq  account  of  t h e  m u l t i p l e  2 

The f o u r t h  program w a s  i n i t i a t e d  i n  1968  t o  b r i d q e  t h e  gap 

e q u i l i b r a t i o n .  To maximize 2 

to r r .  The rate o f  adso rp t ion  of  t h e  v a r i o u s  s u r f a c e  s p e c i e s  
w i l l  be de termined  by vary inn  t h e  t i m e  o f  a d s o r p t i o n  p r i o r  to t h e  
temperature-proarammed d e s o r p t i o n .  
terms of  t h e  ra te  expres s ions  o f  each  of e lementary  s t e p s  involv-  
ed i n  t h e  chemisorp t ion-desorp t ion  p rocess .  I t  i s  f u r t h e r  

The d a t a  w i l l  be ana lyzed  i n  
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The second i n v e s t i q a t i o n  w a s  i n i t i a t e d  i n  1967 t o  develop 
gene ra l  techniques f o r  observinq i n f r a r e d  absorpt ion bands of a l l  
s u r f a c e  spec ie s .  T h e  conventional i n f r a r e d  method involves 
t ransmissions spectroscopy i n  which s m a l l  p a r t i c l e s  of metal 
(50  A )  are supported on f i n e l y  divided si l ica o r  alumina (100 A ) .  

Large regions of t h e  i n f r a r e d  are obscured by t h e  i n t e n s e  
absorpt ion of t h e s e  supports .  Thus, metal-oxyqen and m e t a l -  
carbon bonds have not  been observed because they are bel ieved t o  
occur i n  the  reqion of t h e  s i l i ca  continuum. I n  an e f f o r t  t o  
surmount t he  l i m i t a t i o n s  of conventional t ransmission spectro-  
scopy, an at tempt  i s  beinq made to observe r e f l e c t i o n  s p e c t r a  of 
unsupported metals. An in t e r f e romete r  i s  beinq used to measure 
t he  r e l a t i v e l y  weak s i g n a l s .  I t  w a s  es t imated t h a t  w i t h  e igh ty  
r e f l e c t i o n s  of t h e  i n f r a r e d  beam between m e t a l  f o i l s ,  it should 
be p o s s i b l e  t o  q u a n t i t a t i v e l y  measure concen t r a t ions  of su r face  
s p e c i e s  down t o  5% of  a monolayer i n  t h e  range of 250 t o  2500 
c m  . Experiments a r e  i n  progress  f o r  aases adsorbed on p a l l a -  
dium f o i l s .  The ca ta lys t s  c o n s i s t s  of a bed of f i f t y  1 - m i l  t h i c k  
f o i l s  separated by 1 0 - m i l  t h i c k  spacers.  To d a t e ,  w e  have 
observed va r ious  absorpt ion bands which are bel ieved r e l a t e d  t o  
adsorbed carbon monoxide and hydrocarbons. The success fu l  
development of t h i s  technique would s i g n i f i c a n t l y  enhance t h e  
a p p l i c a b i l i t y  of i n f r a r e d  spectroscoby i n  ca ta ly t ic  s t u d i e s  and 
would permit d i r e c t  observat ion of phenomena which have been t h e  
s u b j e c t  o f  much specu la t ion  and con jec tu re .  

0 0 

-1 

W e  be l i eve  t h a t  o u r  e f f o r t s  t o  determine mechanisms have 
been unsuccessful  t hus  f a r  because t h e  r e a c t i o n s  we have been 
s tudying (CO o x i d a t i o n  on supported P t  and Pd) are more 
complicated than a n t i c i p a t e d  i n i t i a l l y  and p r e s e n t l y  a v a i l a b l e  
techniques are no t  y e t  s o p h i s t i c a t e d  enough t o  handle t h e s e  
complex r e a c t i o n s .  Ne t h e r e f o r e  decided t o  i n i t i a t e  s e v e r a l  
o t h e r  prograns l a s t  year  i n  which w e  are concen t r a t ing  on what 
w e  hope are s impler  r e a c t i o n s .  I n  p a r t i c u l a r ,  t h r e e  more 
p r o j e c t s  have been s t a r t e d :  one i s  concerned with €I2 

exchange on p o l y c r y s t a l l i n e  n i c k e l ,  a second is  concerned with 
t h i s  exchanqe r e a c t i o n  on each of t h e  t h r e e  major planes of 
s i n g l e  c r y s t a l  n i c k e l ,  and a t h i r d  i s  concerned with t h e  r a t e s  of 
adso rp t ion  and deso rp t ion  of CO and NO on a number of t r a n s i t i g n  
m e t a l s .  Each of these p r o j e c t s  i s  descr ibed below. 

- D2 
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suggested t h a t  i n f r a r e d  s p e c t r a  of t h e  covered metal s u r f a c e s  
obtained by a m u l t i p l e - r e f l e c t i o n  technique w i l l  y i e l d  informa- 
t ion on t h e  s t r u c t u r e  of t h e  v a r i o u s  s p e c i e s  chemisorbed. The 
f e a s i b i l i t y  of applying such a technique i n  an experimental  
system i n  which temperature-programmed deso rp t ion  s t u d i e s  can 
a l s o  be carried o u t  w i l l  be i n v e s t i g a t e d .  The u l t ima te  goa l  of 
t h i s  p r o j e c t  i s  t o  inc rease  our  understandinq of t h e  elementary 
s t e p s  involved i n  t h e  formation of m u l t i p l e  types of adsorbed 
s p e c i e s ,  and to  develop c o r r e l a t i o n s  of t h e  s p e c i f i c  rate 
cons t an t s  f o r  t h e  chemisorption processes  with parameters of t h e  
c a t a l y s t .  

I n  an un re l a t ed  v e i n ,  an exp lo ra to ry  program is i n  progress  
concerning t h e  e f f e c t  of v i s i b l e  and u l t r a v i o l e t  l i g h t  on gas- 
phase, metal-catalyzed r eac t ions .  I n  earlier s t u d i e s ,  it w a s  
demonstrated t h a t  l i g h t  has an apprec i ab le  e f f e c t  on t h e  rate of 
carbon monoxide ox ida t ion  over a palladium c a t a l y s t .  The e f f e c t  
w a s  a t t r i b u t e d  t o  e l e c t r o n i c  e x c i t a t i o n  of a surface-adsorbate 
bond which, i n  t u r n ,  r e s u l t s  i n  a change i n  t h e  rate of desorp- 
t i o n  of su r face  spec ie s .  The o b j e c t i v e s  of t h e  p r e s e n t  s tudy are 
t o  determine t h e  e x t e n t  to which o t h e r  s y s t e m s  can be s i m i l a r l y  
a f f e c t e d ,  and to  i n v e s t i g a t e  n o r e  thorouqhly t h e  mechanism of t h e  
pho toca ta lys i s .  ?4onochromatic l i g h t  of v a r i a b l e  frequency w i l l  
be employed t o  determine which frequencies  are photoactive.  The 
s tudy  should provide information on t h e  e l e c t r o n i c  s t r u c t u r e  of 
t h e  bond between t h e  adsorbed molecules and t h e  su r face  atoms 
which can be used t o  i n t e r p r e t  and p r e d i c t  t h e  behavior of m e t a l  
c a t a l y s t s .  

Pub l i ca t ions  
R. F. Baddour, M. Yodell ,  and U. Ec. Heusser, "Simultaneous Kine t i c  

and I n f r a r e d  S p e c t r a l  S t u d i e s  of Carbon Xonoxide Oxidation on 
Palladium under Steady-State Conditions," J. Phys. Chem. , 72, 
3621 (1968). 
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K. A.  Smith, Associate Professor ,  Chemical Engineering 
E. R. Gilliland, Professor ,  Chemical Engineering 
E. W. Salzman, M. D.,  Beth Israel  Hospital and Ilarvard Medical School 
W. Gerald Austen, M. D., Massachusetts General Hospital and Harvard 

Medical School 

Research Staff: 
P. S. Wong, DSR Research Staff, Chemical Engineering 
Ellen C. Bellantoni, DSR Research Staff, Chemical Engineering 

Graduate Students : 

R. E. Gerson, Research Assistant, Chemical Engineering 
J. Silliman, Teaching Assistant, Chemical Engineering 

Sponsorship: 
U. S. Public Health, Contract PH 43-66-491, DSR 76359 

' National Institutes of Health, Grant HE-08598, DSR 71099 

Research Report 
Development of non- thrombogenic materials based on heparin bonding 

via covalent bonds to various polymeric substrates.  
drogels from polyvinyl alcohol and from gel cellophane, as well as cellulose 
esters and mixed es te rs ,  and the glycidyl mathacrylates. 

Materials include hy- 

Applications include dialysis and oxygenation membranes, and implant- 
able prostheses.  

Public ations : 

P.L. S. Wong, E.  W. Merr i l l ,  and E. W. Salzman, A Non-Thrombogenic 
Hydrogel Cast F rom Solution Federation Proceedings - 28, 441 (1965) 

5.2 Structure and Propert ies  of Elastin 
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Faculty: 
A .  S. Hoffman, Assoc. Professor, Chemical Engineering 

Graduate Students : 
D. Mukherjee, Research Assistant, Chemical Engineering 

Sponsorship: 
The Medical Foundation 

Research Report: 

tic properties of elastin in various polar organic or aqueous salt solutions. 

Elastin is a major component of the blood vessels, such as she aorta, and 
ligaments in the body, and it is hoped that these studies will aid in a better 
understanding of aging and arteriosclerosis. Elastin behaves as a cros-linked 
nonpolar rubber, and estimates of the average molecular weight between cross- 
links (Mc) are  obtained from the viscoelastic data. It has been found that 
purified elastin samples exhibit increased M values in a polar organic solvent 
as formamide, or in mixtures of formamide and water. However, when these 
solvent systems are  exchanged with water and the M, remeasured in  water, 
there is a marked irreversibility noted for the M values of those samples 
previously in 25 per cent and 50 per cent formamide/water solutions, while 
the samples previously in 75 per cent and 1013 per cent formamide/water 
solutions display almost complete return of Mc to the lower values noted in 
water. 
as low a concentration as 0.1 per cent NaI (1,000 parts per million), and 
this effect is irreversible, that is, Mc values remain high even after leaching 
out the NaI. 
structure and arrangment of the polypeptide chains between crosslinks within 
the elastin matrix. Dr. Carl Franzblau and Marott F. Sinex of the Boston 
University Medical Research Center, well  known for their work on elastin, 
have been invaluable in their assistance to this pcoject. 

A study has just been completed on the swelling behavior and viscoelas- 

C 

C 

Aqueous sodium iodide solutions also cause a sharp rise in M, at 

These results have been interpreted in terms of the molecular 

6.0 Cryogenic Chemistry 

Faculty: 
R. C. Reid, Professor, Chemical Engineering 

Graduate Students: 
G. Rappe, NSF Fellow, Chemical Engineering 
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Degrees Granted: 
G. Rappe, Ph. D., Chemical Engineering, September 1969 

Sponsorship: 
National Science Foundation, GK-1021, DSR 76384 

Research Report: 
The research in cryogenic chemistry with emphasis on elucidating the 

mechanism of reactions between hydrogen atoms and solid olefin films at 
77OK has been completed. 

In the past year, several important equipment modifications have been 
effected. 
in a sensitive ESR (electron spin resonance) cavity. Hydrogen atoms pre-  
viously generated by a 2,450 MHz (megahertz) microwave discharge have 
now, in addition been generated on tungsten filaments heated to temperatures 
up to 2, 20O0K. Constant concentrations of hydrogen atoms during the course 
of the reaction have been obtained and monitored using an electron spin re- 
sonance spectrometer. 

diffusion and chemical reaction occur, experimental variables such as film 
thickness and hydrogen atom concentration have been studied to assess the 
relative importance of two competing reaction mechanisms: hydrogen atom 
penetration and reaction throughout the bulk; and diffusion of olefin and radi- 
cal species and reaction with hydrogen atoms at the surface. Experimental 
rates of reaction are  in agreement with reaction rates predicted by a'bulk" 
reaction model. 
7 . 0  Crystal Growth and Nucleation 

Reactions may now be carried out at constanty hydrogen pressure 

In t h i s  hydrogen atom-lefin gas solid system, in which simultaneous 

Faculty : 
R, C .  Reid, Professor, Chemical Engineering 
G .  Margolis, Ass t .  Professor, Chemical Engineering 

Graduate Students: 
Makoto Ohara, Yoshitomi Pharmiceutical Industries Fellow 
J. Tester, Procter and Gamble Fellow 
R. Freedman, NSF Fellow 

Sponsors hip : 
National Science Foundation, GK-3696, DSR 71188 
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Research Report: 

Research is under way in two areas of crystallization. In one study, 
seed crystals of KC1 are  being grown from aqueous solutions under controlled 
conditions of temperature supersaturation, and impurity level. The rate of 

growth of various crystal planes is followed by time-lapse motion pictures 

taken through a long objective lens microscope. 
of this study will  be to extend the temperature range studied from O°C to 
almost 100°C, a much wider range than studied previously. Lead and iron 
impurities in the parts-per-million range will  be added, since preliminary 
experiments have shown that such impurities exert a profound effect on the 
rate of growth. Various theoretical models of crystal growth are being form- 
ulated to allow a comparison-with experimental data. 

and impurities on the rate of vaporization of specific faces of arsenic. 
well-formed arsenic crystals are  heated and vaporized into a vacuum. 
During vaporization, the macrosurface structure is studied with a microscope. 
Also, laser  reflection patterns are  monitored and the rate of evaporation of a 
given face determined with an interferometer. 
measurements, the crystal is set in a furnace on a goniometer and exposed 
to the various instruments by rotation. 

One of the principal results 

The second area under study involves the effect of surface morphology 
Small, 

To accomplish all these 

The crystallization research group meets bimonthly with a similar 
'group from Tufts University to discuss new developments in crystal growth 
kinetics. Various outside speakers are  also invited to address the group on 
such diverse areas as high pressure crystal growth, crystallization from 
aqueous solutions, and laser  reflection techniques. 

8. 0 Radiation Acceleration of Viscoelastic Processes in Polymers 

Faculty: 
E. R. Gilliland, Professor, Chemical Engineering 
A. S. Hoffman, Assoc. Professor, Chemical Engineering 

Graduate Students: 
R. Mayer, Research Assistant, Chemical Engineering 

Degrees Granted: 
R. Mayer, Sc. D. Chemical Engineering, June 1969 
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Sponsorship: 

Laboratories, Livermore, Cal. , under Contract W-7405-ENG-48, DSR 70049, 
74678, 70626 

Atomic Energy Commission Purchase Order from Lawrence Radiation 

The investigation of the unusual temporary effects of intense radiation 
The fields on the mechanical properties of polymers has been completed. 

study of the accelerated creep rate of polystyrene samples in a 3-MeV 
electron beam resulted in the hypothesis of a mechanism based on temporary 
accumulation of gases within the polymer during irradiation. 
work to polymethyl methacrylate (PMMA) has led to a revised mechanism, 
wherein the act of gas generation supplies the necessary energy and local 
free volume to a particular chain segment. 
terminated, these gases diffuse to local voids or fissures where they are  
ineffective in accelerating creep further. 

Extension of the 

Then, when the radiation is 

This mechanism has been tested 
.with polycarbonate polymer films. It has been found that the critical factor 
governing the rate of creep during irradiation is the state of strain of the 
polymer, particularly at higher stresses or higher radiation intensities. 
very low stresses or low intensities, the total accumulated dose appears to 
be the most important factor. A modified Eyring relaxation flow theory 
correlates most of these data. 

A t  



331 

SECTION E 

FRANCIS BITTER NATIONAL MAGNET LABORATORY 

The Francis Bitter National Magnet Laboratory at  MIT pursues a progrdm 
of research in solid state physics and related areas  using intense magnetic 
fields. The central research facility consists of a ten megawatt dc power supply 
and a number of water-cooled magnets providing continuous fields up to 255 
kilogauss. Superconducting magnets with fields to 80 kG and a large variety of 
pulsed magnets with fields to 750 kG are also in use. A hybrid water-cooled 
and superconducting magnet to produce 230 kilogauss is under construction. 
Further development of this concept is expected to allow the production of 
continuous fields above 300 kilogauss. 

The laboratory's research program is primarily a study of the magnetic, 
electrical, optical and acoustic properties of matter with the aim of increasing 
understanding of the electronic band structure, the lattice vibration spectrum, 
phonon-electron interactions and magnetic interactions in solids. A strong 
magnetic field represents a perturbing environment which al ters  the effect of 
materials on the transmission and reflectance of electromagnetic and acoustic 
radiation. Experimental techniques now in use include single photon, multi- 
photon and non-linear magneto-optical reflection and absorption, cyclotron 
resonance, magnetic resonance, magnetic susceptibility, magnetoresistance, 
Massbauer effect and acoustic absorption. The u s e  of intense laser light sources 
and ultra low temperature with high magnetic fields provides many new experi- 
mental opportunities. Theoretical studies of band structure, magnetism, 
superconductivity and other topics are carried on in close conjunction with the 
experimental program. The high field facilities are made available to research 
groups from other MIT departments and from institutions throughout the world. 

Sponsors hip 

Francis Bitter Nationat Magnet Laboratory 
Supported by the A i r  Force Office of Scientific Research 

Contract F44620-67-C-0047 
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FRANCIS BITTER NATIONAL MAGNET LABORATORY 

Personnel: 

Professor B. Lax, Director 

Dr. D. T. Stevenson, Assistant Director 

E ,  W. L. Davis, Assistant Director for  Administration 

Research Staff Members: 

Dr. R. L. Agganval 
Professor A .  Eo Ijergles 
Dr. C. C. Bradley* 
K, J. Button 
Dr. C. E. Chase 
Dr. D. Cohen 
E. 3. Cox 
Dr. S. Foner 
Dr. R. B. Frankel 
J. R. Hale 
Dr. J. Halpern 
Dr. Y. Iwasa 
D. Kelland 
Dr. D. J. Kim 
Dr. H. H. Kolm 
M. C. Lavine 
M. J. Leupold 
Dr. E. Maxwell 

E. J. McNiff, Jr. 
Dr. R. H. Meservey 
Dr. A. Misetich 
Dr. D. B. Montgomery 
D. R. Nelson 
Dr. L. J. Neuringer 
Dr. R. R. Oder 
A. M. Packard 
Dr. C. R. Pidgeon 
Dr. H. C. Praddaude 
L. G. Rubin 
Dr. B. B. Schwartz 
Dr, Y. Shapira 
F. Smith 
Dr. P. M. Tedrow 
E. P. Warekois 
R. J. Weggel 
M. H. Weiler 

* Visiting Scientists: 

Dr. Carlos Akeledo (Brandeis University) 
Dr. Fielding Brown (Williams College) 
Professor M. Dresselhaus (Professor of Electrical Engineering, MIT) 
Dr. G. Faraci (University de Catania)* 
S.  Fischler (NASA - Electronics Research Center) 
Professor G. Landwehr (University of Wunburg)* 
I. De Grave (University of Lowain)* 
Professor A .  Javan (MIT Physics Department) 
Professor S, Legvold (Iowa State University) 
Professor M. Lowe (Boston University) 
Dr. L. Meyers (Boston University) 
Dr. N. Oliveira (University of Sao Paulo) 
Professor F. Pollak (Brown University) 
Dr. R. Rabitz (BIIT Instrumentation Lab) 
Dr. H. H. Samp!e (Tufts University) 
Dr. V. N. Schakhtarin (Leningrad Polytechnical Institute) 
Professor J. Zak (Techion)* 

* Terminated during September 1968 - September 1969 
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Graduate Students : 

Y. Auyang, Graduate Student, Physics (MIT) 
D. Abeshouse, Graduate Student, Physics (Boston University) 
T. &rnstein, Graduate Assistant, Physics (MIT) 
A. Brian, Graduate Student, Physics (Tufts University) 
J. M. Cherlow, Graduate Assistant, Physics (MIT) 
D. R. Cohn, Graduate Assistant, Physics (MIT) 
T. Cronburg, Graduate Assistant, Physics (MIT) 
T. Hart, Graduate Assistant, Physics (MIT) 
L. Kaufman, Graduate Assistant, Physics (MIT) 
N. Lee, Graduate Student, Physics (MIT) 
G. Peabody, Graduate Student, Physics (Harvard University) * 
U. Smith, Graduate Student, Physics (MIT) 
R. Stimets, Graduate Assistant, Physics (MIT) * 
J. Tsang, Graduate Assistant, Electrical Engineering (MIT) 

Degrees Granted: 

H. Goodman, Physics Department, MIT, "Development of an H20 Gas Laser 
Employing a Diffraction Grating," B. S .  Thesis, June, 1969. 

0. M. Dashwood, Physics Department, MIT, "Variation of Magnetization with 
Temperature in a Sample of Nb-Ti Superconducting Wire, " B. S. Thesis, 
May, 1969. 

I;. Kaufman, Physics Department, Tufts University, "Quantum Limit Transport 
Phenomena in Indium Arsenide and Indum Antimonide a t  Low Temperatures," 
Ph.D. Thesis, June, 1969. 

W, L. Lutts, Jr., Physics Department, MIT, "Methods for Detecting Weak 
Light Signals, " B. S. Thesis, May, 1969. 

S. Masmanian, Physics Department, MIT, "The Barnett-Kennard Effect and 
Geodynamo Theories," B. S. Thesis, June, 1969. 

G. Peabody, Physics Department, Harvard University, "Magnetic Flux Pene- 
tration in Superconducting Thin Film, Ph.D. Thesis, September, 1969. 

A. J. Perlman, Physics Department, MIT, "Low Temperature Thermometry 
in High Magnetic Fields: Germanium Resistors, Platinum Resistors, " B. S. 
Thesis, May, 1969. 

H. W. Poker, Physics Department, MIT, "Measurements of Energy Released 
by Flux Jumps in Superconducting Wires," B. S. Thesis, May, 1969. 

R. W. Stimets, Physics Department, MIT, "Reflection Studies of Magnetoplasma- 
optical Phonon Coupling in Polar Semiconductors, " Ph.D. Thesis, May, 1969. 
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FRANCIS - > t  rTER NATIONAL MAGNET LABORATORY 
RESEARCH REPORTS 

1 .High Field Magnet Development 
The Laboratory's inventory of 25 high fieId, water-cooled magnets now covers a 

SrifficientLy broad range of diameter, field strength, uni€ormity and longevity to 
the demands of the experimental groups and visitors, a t  least fo r  the present. 
has allowed timz fo r  the exploration oE new magnet configurations and more extreme 
conditions of heat flux and stress. Our highest field (225 kilogauss) magnet has been 
operated with lclf a dozen versions of inner magnet stack, many of which have exhibited 
acceptable longevity a t  heretofore unprecedented levels of either conductor s t ress  o r  
heat flux. All  four 150 !cC magnets have been field-homogenized to about 1 part in lo3 
over a 1"-diameter sphere, and have even been used for NMR experiments. A 1"-bore 
magnet constructed with i ts  two stacks in series has generated 170 kG at  a power level 
(42 MW) at which its parallel-wound predecessor generated only 159 kG. 

Assembly of the hybrid magnet which is designed to generate 225 kG in a 1" bore 
has been delayed by difficulties, most now remedied, ranging from non-rectangular 
cross section conductor to excessive nitrogen consumption by the cryostat. The 16"- 
bore, 26"-O.D. superconducting stack itself, and the parts for the water-cooled insert 
are complete. A 25 foot, high flow rate, helium transfer tube of novel design to k 
used to fill the hybrid magnet cryostat has been completed and found to have a very low 
heat loss. 

nets to the properties of short lengths of superconducting wire have borne fruit in the 
form of a 14" bore, 80 kG niobium-titanium solenoid. Degraded performance of the 
solenoid a s  compared to short samples of the NbTi wire  was avoided by using an un- 
woven polyester fabric interleaving between the layers. The energy released by NbTi 
during flux jiimps has been measured for use with a computer program which predicts 
the current capacity of composite wires. An experimental technique for predicting 
coil performance on the basis of short-sample bchavior has been employed on wires of 
many shapes, sizes, and configuratiqns, and indicates the improved stability and AC 
suitability of multifilament composites twisted axially. Measurements of the high-field 
current capacity of Tachikawa V, Ga superconducting composite tapes have indicated 
performance superior to Nb,Sn above 150 kG and a small insert coil of V3Ga ribbon 
will be built and tested in this field range. 

Personnel: D.B. Montgomery, M. Leupold, Y. Iwasa, R. Weggel, N. Pierce (hlI=r Consul.) 

A long series of studics on the relation of the quench field of superconducting mag- 

. 

Publications: 

JP 330 K. Hechler, G. Horn, G. Otto, E. Saur, "Measurements of-Critical Data 
fo r  Some Type I1 Superconductors and Comparison with Theory, " J. Low 
Temp, Phys. - 1, 27 (1969). 

G. Otto, E, Saur, H. Wizgall, "Critical of Some A 15 Type Supercon- 
ductors in Transverse Fields up to 230 kCk, " J. Low Temp. Phys. 1, 
17 (1969). 

Y. Iwasa, "Magnetization of Single-Core, Multi-Strand and Twisted 
Multi-Strand Superconducting Composite W i r e s ,  " Appl. Phys. Lett., 
Vol. 14, No. - 6, 15 March, 1969, pp. 200-201. 

JP 331 

JP 329 . 
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JP 357 

MS 522 

MS 530 

MS 531 

D. Bruce Montgomery, Solenoid Magnet Design: The Magnetic and Me- 
chanical Aspects of Resistive and Superconducting Systems (Wiley - 
m i e n c e ,  New York, 1969). 

Y .  Iwasa, C. Weggel, D. B. Montgomery, R. Hale, R. Weggel, 
"Prediction of Transient Stability Limits for  Composite Superconductors 

Jumping, " J.A.P., April, 1969, Vol. - 40, No. 5 ,  

D. B. Montgomery, J.E.C. Williams, N. T. Pierce, R. Weggel, and 
M, J. Leupold, "A High Field Magnet Combining Superconductors with 
Water-Cooled Conductors, " Advances in  Cryogenic Engineering, Vol. 
14 (Plenum Press, 1969), pp. 88-97. 

Y. Iwasa and D. B. hlontgomery, "Transient Response and Stability Limits 
of Superconducting Composite Wire Following a Flux Jump, " Advances in 
Cryogenic Engineering, Vol. 14, (Plenum Press, 1969), pp. 114-122. 

2 .O Cyclotron Xesbnance in  Semiconductors 
2 .1  Quantum Effects in Cyclotron Rssonarice in p-Type Tellurium 

The electron cyclotron resonance has been observed as well as a large number of 
transitions between Landau levels in the valence bands of tellurium. The HCN laser 
spectrometer was used to study the transitions as a function of temperature. An approx- 
imate theoreticcl model of the valence bands has been selected to calculate the Landau 
level dependence on magnetic field, identify the observed transitions, calculate the 
transition probabilities and predict other transitions that  can be observed at  lower 
temperatures and higher laser frequencies. The two-fold warping of the valence bands 
near the forbidden energy gap complicates the theory on the one hand, but also pennits 
the collection of detailed experimental observations of many cyclctron resonance 
transitions not otherwise allowed. 

Personnel: K.J. Button, Margaret Weiler, B. Lax, C.Bradley; P,, Grosse, G. Landwehr 
(University of Wurzburg) 

Publications:  

JP 305 Benjamin Lax and Kenneth J. Button, "Quantum Magneto-optics a t  High 
Fields," in Physics of Solids In Intense Magnetic Fields, Ed. E. C. Haide- 
menakis (Plenum Press, Ncw York, 1969) 145-183. 

Y. Nishina and B. Lax, "Interband Faraday Rotation and Voight Effect in 
Ge," J. Phys. Chem. Solids 30, 730-747 (March 1969). 

JP 318 
- 

MS 494 C. C. Bradley, K. J. Button, B. Lax and L. G. Rubin, "Quantum Effects 
in Cyclotron Resonance Using a CW Cyanide Laser, " J. Quantum Elec- 
tronics QE-4, 733-737 (1968). - 
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Ms 573 

JP 346 

JP 358 

Ms 573 

JP 336 

Jp 377 

JP 349 

B. Lax, "Magneto-optical Properties of Semiconductors, " in Proc. IX 
Internl. Conf. on the Physics of Semiconductors (Naulia, Leningrad, 

K. J. Button, G. Landwehr, C. C. BracQey, P. Grosse, and B. Lax, 
"Quantum Effects in  Cyclotron Resonznce in p-type Tellurium, " Phys. 
Rev. Letters 23, 14 (1969). 

C. Allen, F. Arams, M. Wang, and C. C. Bradley, "Mrared-to- 
Millimzter, Broadband, Solid State Eolometer Detectors, " Appl. Optics, 
I 5 ,  813 (1969). 

B. Lax, "Magneto-Optical Properties of Semiconductors, " Proceedings of 
IX International Conference on the Physics of Semiconductors, Vol. 1 
(Nauka, Leningrad), 1968, pp. 253-263. 

M. H. Weiler, R.  W. Bierig, B. Lax, "Photoconductivity Studies of Two- 
Photon Magnetoabsorption in InSb and PbTe," Phys. Rev. 184, - 709 (1969). 

J. Waldman, D. M. Larsen, P. E. Tarnenwald, C. C. Brzdley, D. R. 
Cohn, 4. Lax, "Polaron Cyclotron Resonance in CdTe," Phys. Rev. 
Letters 23, 1033 (1969). 

R. W. Bierig, M. H. Weiler, B. Lax, "Effects of a Magnetic Field on 
Optical Mixing Due to Non-parabolicity in n-InSb, " Phys. Rev., 186, 
747 (1969). 

-263 * 

- 

- 

2.2 Polaron in Cadmium Telluride 

The interaction of electrons with longitudinal optical phonons in polar semicon- 
ductors has been observed in cyclotron resonance at  submillimeter wavelengths. This 

.interaction causes the apparent electron effective mass to grow heavier as cyclotron 
resonance is observed at frequencies nearer to the longitudinal optical phonon frequency. 
In particular, it was predicted theoretically by Larsen that the Landau levels would be 
pinned at  the longitudinal optical phonon level as the applied magnetic field was increased. 
Larsen's model was confirmed by observation of several cyclotron resonance transi- 
tions using four dif€erent laser frequencies and also the Fourier transform spectrometer. 

Personnel: D. Cohn, C. Bradley, B. Lax, K..Button; J. Waldman, D. Larsen, 
P. Tannenwald (Lincoln Laboratory) 

2.3 Electron-phonon Interaction in Cadmium Sulfide 

Cyclotron resonance of the piezo-polaron has been observed in cadmium sulfide 
by using the submillimeter molecular gas laser spectrometer. This interaction of the 
conduction electrons with the acoustical vibration modes of the poIar ions of cadmium 
and sulfur causes the apparent effective mass of the electron to shift toward zero a s  
the acoustical phonons are excited by raisifig the temperature of the crystal. Simul- 
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taneously, the cyclotron resonance absorption line of the electron splits with increasing 
temperature and the several additional branches which appear move rapidly toward 
larger apparent effective mass. Further study of electron cyclotron resonance with 
higher frequency lasers will reveal interaction of the electron with other vibrational 
modes, in particular, the longitudinal optical phonon near a wavelength of 50 micrometers. 

Personnel: K. Button, B. Lax, D. Cohn 

3 . Magnetoplasma-optical Phonon Coupling in Polar Semiconductors 

Far infrared reflection spectra of n-type 11lAs obtained by Fourier transform 
spectroscopy have been analyzed using the Kramers-Kronig relations to study both 
frequencies and linewidths of the resonances a s  a function of magnetic field for 
three samples of different doping. The data have k e n  compared with theoretical 
curves calculated from a classical model which includes electroI; and phonon 
scattering frequencies as parameters. The experimental dependence of electron 
scattering frequency on electron concentration has been compared with the thcore- 
tical dependence calculated from a Rutherford scattering model for: a degenerate 
electron gas, To fully check our theory, theoretical curves of reflectivity and the 
imaginary part  of the dielectric constant vs. frequency have been calculated and 
compared with experiment. Overall, the agreement between experiment and theory 
is quite good. 

Personnel: B, Lax, R. Stimets 

4 : Magneto-optical Studies of Semiconductors Using Modulation Techniques 

A detailed study of interband magneto-optical transitions in semiconductors is 
being made by means of modulation techniques wllich enable the observation of Landau 
transitions even at  energies far above the band gap. We have applied the s t ress  mod- 
ulation technique to measure magnetoreflectivity due to the direct transitions at  the 
fundamental edge in germanium, 111-V compounds and lead salts. The experimental 
data for the direct edge in germanium and gallium antimonide have been fitted to the 
coupled band theory of Pidgeon and Brown used originally for indium antimonide which 
is a small gap semiconductor. Excellent agreement between theory and experiment 
was obtained by means of a generalized least squares technique which has provided a 
very good determination of the conduction and valence band edge parameters for these 
materials. We have also determined the band parameters fo r  the spin-orbit split-off 
valence band in germanium, indium antimonide, gallium antimonide, and galliilm ar- 
senide from an analysis of the data for the split-off valence to the conduction band 
transitions. Among the lead salts, we have studied single crystals of bulk lead 
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telluride. The experimental data on as-grown lead telluride have been successfully 
interpEted in terms of a Lax two-band model from which we have obtained values €or 
the reduced effective mass and g factor for the conduction and valence band. We have 
also compared the stress modulated magnetoreflectivity with the wavelength modulated 
magnetoreflectivity a t  the fundamental edge in gallium antimonide. The line shapes 
for the two spectra are very similar which is to be expected if the stress effects on 
the band structure a re  considered in the framework of the deformation p 
Personnel: R. Aggarwal, M. Reine, U. Smith 

Publications:  

blS 491 R. L. Aggarwal, U. Smith, B. Lax, "Magneto-Pjezo-Optical-Reflection 
in Lead Telluride, " in Proc. IX Iuternl. Conf. on the Physics of Scmi- 
conductors (Nauka, Leningrad, 1968) 337-341. 

R. L. Agganval, M. D. Zuteck, and B. Lax, "Magnetopiezotransmission 
Studies of the Indirect Transition in  Germanium", Phys. Rev., Vol. 180, 
No. 3, 15 April 1969, 11. 800-813. 

- -- 
JP 307 

- 

5, Raman Scattering in Solids 

hkgnon and phonon excitations in opaque insulating and semiconductor materials 
are being studied by Raman scattering in reflectionxhe shift in the energy and change 
in the lifetime of the optical phonon branch of silicon has been measured from 20 to 
770' K and correlated with theory. We have measured in a - Al, 4 the location of 

sixteen anharmonic difference frequencies between 24 and 150cm-' which a re  of im- 
portance to the interpretation of ruby fluorescence data, In the antiferromagnet 

a - C r , a  measurements of the symmetry and frequency of the optical phonons, the 
second-order magnon scattering, and the temperature dependence of the first-order 
scatterirg from the magnon optical branch up to the Nee1 temperature have been 
completed. Two-magnon and phonon scattering in  5 - Fe, 0, and YIG have k e n  observed. 

Personnel: R. Aggarwal, T. Hart, B. Lax 

6 .  Optical Properties of Europium Chalcogenides 

The fundamental reflectivity spectra of the europium chalcogenides show two strong 
peaks, E l  and E2, a t  room temperature associated with the corresponding absorption 
bands. We have studied magnetic ordering effects, as a function of temperature and 

polarization in a "doma'in-orienting" magnetic field, on the E and E peaks of the 
ferromagnetic semiconductors EuO, EuS and EuSe. The results confirm that the peaks 
are associated with transitions corresponding to the transfer of a localized Eu 4f elec- 

tron into a very narrow 5d band. Further, they have led to a direct observation of the 
exchange splitting of the d band at temperatures << T 

1 2 

C' 
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We have also carried out high field optical studies of EuTe, which is antiferro- 
magnetic with a NCel temperature T - 8'K. In the ordered state a striking change is 
observed in the reflectivity as a function of magnetic field as one makes the transitior 

from antiferromagnetic to parallel ("ferromagnetic") spin alignment. This provides a 

N 

ct observation of the antiferromagnetic superlattice type of exchange splitting, which 
has long been proposed theoretically. 

Personnel: C. Pidgeon; J. Feinleib, W. Scouler, J. Dimmock, J. Hanns, T. Reed 
(Lincoln Laboratory) 
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C. R. Pidgeon and S. H. Groves, "Electoreflection Study of Inversion 
Asymnietq and Warping Induced Interband Magneto-optical Transitions 
in InSb, " in Proc. IX Internal. Conf. on the Physics of Semiconductors 
(Nauka, Leningrad, 1968) 3 0 m .  

S. H. Groves, C. b. Pidgeon, A. W. Ewald and R. J..Wagner, "Inter- 
band Magnetoreflection of Grey Tin," Proc. IX Internl. Conf. on the 
Physics of Semiconductors (Nauka, Leningrad, 1968) 43-47. 

J. Feinleib, W. J. Scouler, J. 0. Dimmock, J. Hanus, T. B. Reed, 
C. R. Pidgwon, "Spin Polarized Splittings in the Temperature Dependent 
Reflectance of EuO," Phys. Rev. Le:ters, Vol. 22, No. 25, 23 June, 
1969, pp. 1385-1388. 

C. R. Pidgeon, W. J. Feinleib, J. Scouler, J. Hanus, J. 0. Dimmock, 
T. B. Reed, "Magnetic Ordering Effects on the Reflectivity of EuS and 
EuSe," Solid State Communications, sched. fo r  Vol. 7/18, - 7, 1323 (1969). 

J. Feinleib, C. R. Pidgeon, "Magneto-Optical Effect of Field-Induced 
Spin Alignment in Antiferromagnetic EuTe," Phys. Rev. Letters - 23, 
1391 (15 December 1969). 

C. R. Pidgeon, S. H. Groves, "Inversion Asymmetry and Warping 
Induced Interband Magneto-optical Transkion in InSb, " Phys. Rev., 
186, - 524 (1969). 

- 

7. Two-magnon Absorption i n  Far Infrared Spectroscopy 

We have observed shifts of the two magnon far infrared absorptiba in MnF, on 
going through the spin flop transition, - (93kG) f o r  dilferent polarizations of the incident 
radiation. These shifts are a direct measure of the magnetic dipole-dipole contribu- 
tion to the spin wave energy at the zone boundary. The observed shifts are in agreement 
with theoretical predictions based on a rigorous treatment of the dipole-dipole interaction. 

Personnel: T. Bernstein, A. h4iseticl1, B. Lax 
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8 . High Field Magnetic Moment and Field 
Dependent g-Shift in Cerous Magnesium Nitrate 

Cerous magnesium nitrate (CMN) is a particularly interesting salt which is usec{ 

for  adiabatic demagnetization in order to achieve ultra-low temperatures and also 
serves as a low temperature thermometer. Experiments by Williamson and Cape sfio*:.cLj 

that the moment versus field (to 50 kG) deviated slightly from the expected Briilouin 
function f o r  S = 1/2. In order to examine the magnetic properties of CMN quantitatively, 
we have made spin resonance experiments over a wide range of fields and observed the 

g-shifts by means of EPR up to 50 kG in carefully grown CMN crystals, The observed 
g-shift agrees with theoretical estimates and accounts, within experimental e r ro r ,  for 
the deviation of the measured magnetization of CMN. In addition we have shown that 
the g-value of the standard marker, DPPH, changes by less than 0.1% up to fields of 
45 kG. 

Based on the detailed agreement between theory and experiment for the g-shift 
in CMN, we have started to examine the magnetic moment versus field in CMN up to 
150 kG. The high field data allows a direct and independent evaluation of the temper- 
ature independent susceptibility. 

Personnel: H. Praddaude, R.F. O'Brien (Weston College), S. Williamson (No. 
American Rockwell Corp.), S. Foner, E. McNiff, T. Ernstein,  
D. Cohn 

9. Exchange Enhancement of Localized Moments 
in  High Susceptibility Pd Alloys 

The magnetic properties of Pd alloys with neighboring elements in the periodic table 
are being examined in order to determine the effects of band-filling and band structure 
on the exchange enhancement in Pd and i ts  alloys. Ternary Pdl-x-yRhxAgy alloys have 
been fabricated in order to examine pseudo-Pd (alloys with an electron concentration of 
Pd produced by suitable Rh and Ag substitution in Pd). Low field susceptibility as a 
function of temperature, and high field susceptibilities to 200 kG have been completcd. 
A field dependent susceptibility is detected for  sufficiently high susceptibility alloys, a s  
is observed in Pdl-xRhx alloys. Although a field dependent susceptibility is observed in 
the Pdl-xRhx alloys when the susceptibility becomes well above that of Pd, there is no 
apparent field deFendence in pure Pd (where detailed band calculations now exist). Ex- 

change enhancements greater than 10 are  suggested for some of these materials. ISO- 
electronic Pdl-a-bPtaNib alloys have also been examined where the potential scatwring 
froni Ft and Ni  is expected to be small. It is found that in addition to band-filling effects, 

scattering effects must be included in order to undzrstand the properties of these alloys. 
Various models suggest that the giant moment of Fe in Pd alloys should vary u i t l l  
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In addition, the critical Fe concentration, Ccrit, for the matrix susceptibility, X 
Various Pd(Ag, Rh, the occurrence of ferromagnetism is expected to scale with x 

Pt, Ni, etc.) alloys in the neighborhood of Pd have been examined with dilute quantities 

of Fe in order to measure the giant moment and Ccrit versus x 
between the saturated giant moment susceptibility has been observed although the ordering 
temperature varies linearly with the saturated giant moment of these alloys. 

Personnel: S. Foner, R. Guertin (Tufts University), E. McNiff 

Publications:  
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S. Foner and E. J. McNiff, "Field-Dependent Magnetic Susceptibility in 
Exchange Enhanced Pd-Rh Alloys at 200 kG, " Phys. Letters 29A, 28-29 
(24 March 1969). - 

MS 526 S. Foncr, E. J. McNiff, Jr., "Observatjons of Field Dependent Susceptibility 
in Pd(Rh) Alloys at High Magnetic Fields," J. A. P., Vol. 40, No. 3, 
1 March 1969, p. 1210. - 

h4S 527 R. Doclo, S. Foner, A.'Narath, "Magnetic Susceptibility of Dilute 
Pd(Rh) and Pd(Ag) Alloys", J,A.P., Vol. 40, No. 3, 1 March, 1969, - pp. 1206-1208. 

10. Superconducting and Magnetic Properties of 
High Temperature Superconductors . 

Measurements of the upper critical field, H as a function of temperature have 

been made on several new superconducting alloys. The properties of the N M l G e  alloys 
have been examined to 200 kG in dc fields, The best materials show a value of Hc2 
200 kG a t  14'K. The highest critical temperature Tc of these materials is 20.7'K. The 
temperature dependence of Hc2 suggests that spin-orbit scattering suppresses the Pauli 
paramagnetic limiting and that the H at lower temperatures is well above 200 kG. In 

addition it appears that practical high-field devices would be feasible in the liquid 
hydrogen range for these materials if a high current-carrying capacity wire material 
can be fabricated. The measurements are made with rf techniques which permit 
examination of the rf loss witheut electrical contact o r  further working of the annealed 
materials. The second class of high temperature superconductors investigated by US 

is the Nb3A1 system as a function of various metallurgical treatments. Although Tc is 

lower for these alloys, in contrast with the NbAlGe alloys, single phase materials can 
k made. Measurements from T to 14'K have been completed in a series of these 

Nb3Al alloys. Again, i t  is found that Pauli paramagnetic limiting is almost completely 

suppressed. 
In order to examine Pauli paramagnetism of these alloys directly, measurements 

of the magnetic moment 2s a function'of field have been made on these high field super- 
conductors above Hc2. These are generally consistent with the observed small 
paramagnetic limiting effects in those alloys. 
Personnel: S. Foner, E ,  McNiff; B. MattMas(Ekl1 Telephone Laboratories and Univer- 
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sity of California), E. Corenzwit (Bell Telephone Laboratories), T. Geballe 
Bell Telephone Laboratories and Stanford University), R. Willens and E. 
Buehler (Bell Telephone Laboratories) 

Publicationc;: 

MS 524 S. Foner, E. J. Mch'iff, B. T. Matthias, E. Corenzwit, "Critical 
Fields of Nb3All-xGe5. Alloys in Liquid H,," J. A.  P., Aprio, 1969, 
Vol. 40, No. 5, p. 2010. - 

JP 339 

MS 533 

S. Foner, "Single-Siialled, Space-Saving, Liquid Nitrogen Dewars, *' Rev. 
of Sci. Instr. 40, 1362 (1969). - 
S. Foner, E. J. McNiff, Jr,, E. T. Matthias, and E. Corenzwit, "Properties 
of High Superconducting Transition Temperature NhdAll -,Gex Alloys, " 
in the Proceedings of the 11th Inrernatiorial Conference on Low Tempcr- 
ature F ~ c T S m * s : 3 e o d a n d ,  p g  1035-1032. - .  

11. Ultr&onic Measurements in Magnetic Materials 

The magnetic phase boundaries are normally examined by means of static 
magnetic, thermal o r  specific heat measurements. Ultrasonic attenuation shidies have 

been pursued successfully in a number of magnetic materials. In particular, the ferro- 
magnetic phase transition in EuO has been examined as a function of temperature and 
fieid with various modes of propagation of ultrasonic waves. 

The phase boundaries of a wide variety of anLiferromagnets also have been examined 
with ultrasonic techniques. Characteristic X-anomalies a re  observed for the spin-flop 
to para-transition up to 200 kG. Materials investigated so far include the classic MnF 

and FeF2, aFe 0 , Cr203 
phase boundaries have been examined as a function of temperature and high field for each 
of these phase boundaries and theoretical analyses based on molecular field approxima- 
tions have been completed. The ultrasonic techniques provide a unique tool for studying 
the magnetic phase boundaries of magnetic systems, 

Personnel: Y. Shapira 

2' 
AlzO3 substitutional systems, and others. The detailed 2 3  

Publications:  

MS 441 Y. Shapira, "Giant Quantum Oscillations in the Ultrasonic Absorption;" 
"Ultrasonic Propagation in High-Field Superconductors, " in Physics of 
Solids in Intense hlagnetic Fields, ed. E .  D. Haidemenakis (Plenum Press, 
New Y z , 1 4 6 m 7  -359 ; 37 8 -386. 

Y. Shapira, T. B. Reed, "Ultrasonic Pmpagation in EuO", J. A .  P., 
Vol. 40, No. 3, 1 March 1969, pp. 1197-1198. 

Y .  Shapira, "Ultrasqnic Behavior Near the Spin-Flop Transitions of 
Hematite," Phys. Rev. I_ 184, 589 (1969). 

MS 523 
- 

JP 335 
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JP 347 Y. Shapira, S. Foner, and A. Misetich, "Magnetic Phase Diagram of 
AlnF, from Ultrasonic and Differential hbgnetization Measurements , " 
Phys. Rev. Letters 23, 308 (1969). 

Y .  Shapira, "Paramagnetic to Antiferromagnetic Phase Boundaries of 
FeF, From Ultrasonic Measurements," Phys. Letters 30A, 385, (1 
December 1969). 

- 
JP 373 

- 

12. Low Temperature Quantum Lhnit Transport 

A recirculating He3 .refrigerator has been constructed and used to investigate 
experimentally the galvanomagnetic properties of small gap semiconductors in intense 
magnetic fields at. temperatures below l 0 K .  The experimental observation of magnetic- 
field induced ca r r i e r  freezeout in n-InAs has been used to identify the effects of band 
tailing in the densities of states. These tails arise from fluctuations in the random 
distribution of impurity atoms. A consistent interpretation of the data is obtained by 
postulating that states in the conduction band tail lying below a critical energy do not 
conduct. In addition, magnctorzsistance measurements in the quantum limit have 
furnished direct cxperimeQta1 evidence of the change in carrier statistics produced by 

. an intense magnetic field. 
A He3 - He'' dilution refrigerator has been constructed to extend the meiisurements 

to very low temperatures below 0. 1°K. This apparatus is in the final stages of testing. 

Pe$sonnel: L. Neuringer; H. Sample (Tufts University); L. Kaufman (MIT Consultant); 
J. Gerkr,  A. Brien (Tufts University) 

Publications : 

MS 498 L. J. Neuringer, "Quantum Limit Transport Phenomena," in Proc. IX 
Internl. Conf. on the Physics of Semiconductors (Nauka, Leni-968) 

L. J. Neuringer and Y. Shapira, "Low Temperature Thermometry in High 
Magnetic Fields: I. Carbon Resistors," Rev. of Sci. Instr, - 40, 1314 (1969). 

L. J- Neuringer, "Magnetic Freeze-out: The Role of Impurity Density 
Fluctuations, " OAR Research Review, Vol. VIII, No. 6, November- 
December, 1969 pp. 15-19. 
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13. High Field Magnetoresistance and the 
Spin-chmpensated State in Dilute Alloys 

The magnetoresistance has k e n  examined in several  dilute alloys including Cu(Fe) 
and Cu(Mn) (kindly furnished by C. M. Hurd of the National Research Council, Canada 
and M. D. Daybcll and W. E. Steyert of the Los Alamos Laboratories) and in Rh(Fe) 
(kindly furnished by G. S. K ~ p p  and E. Bucher of the Bell Telephone Laboratories) in  
the range of 20.4 to 1.3"K. In addition, Cu(Cr) (also furnished by Daybell and Steyert} 
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has been examined in this temperature range as well. The aims of this study are two- 
fold; f irst  to examine the suppression of the spin-compensated state at high magnetic 
fields and second to examine the characteristic behavior of the magnetic impurities 
and the matrix as a function of field and temperature. 

PuIsed field measurements in Cu(Fe) and Rh(Fe) have k e n  extended to 315 kG in 

order to extend the de measurements above 200 kG. At 4.2K we find that the spin- 
compensated state is not completely suppressed. This is consistent with the relatively 
large Kondo temp2ratures suggested for these systems. 

In order to examine the magnetoresistance in these alloys a t  lower temperahires 
3 a 1-shot He system has been fabricated and measurements have been made in selected 

dilute alloys a 

Personnel: I. DeGrave (University of Louvain), N. Oliveira {University of Sao Paulo) 
S. Foner 

Publ ic  at ions : 

MS 528 I. Degrave, S. Foner, "High Field Magnctoresistance in Dilute 
Alloys, " J. A. P., Vol. - 40, No. 3 ,  1 March 1969, p. 1480. 

14. Origin of Ferromagnetism in Alloys of NjCu and NiRh 
Renewed interest in the classic NiCu alloys near the critical concentration has been 

generated by recent neutron diffraction studies which show regions of long-range polari- 
zation. This result is quite different from previous models which have suggested a 

urdform magnetism in this alloy system. Magnetic moment measurement with sampfcs 
near the critical concentration (kindly furnished by Dr. J. S. Kouvel and Dr. J. Comly 
of the General Electric Research Laboratories) have been made in order to examine 
the high field susceptibility and the character of ths polarization in these alloys. It is 
found that the high field susceptibility is relatively independent of Ni  content in the region 
of the critical concentrarion. 

A closely related smdy of the NiRh alloy system shows similar results in that the 
high field susceptibility is also relatively independent of the concentration. Comparison 
with the uniform (Stoner) model shows that the data in NiCu and NiRh are not consistent 
with this uniform model but rather with a short-range o r  clustering model. 

being made to examine its effect on the uniform magnetization of these alloys. Ir is 
interesting to note that the NiCu(Fe) system is of practical value for desalinization 
processes. Apparently the Fe inhibits corrosion of NiCu alloys which a re  used as 

efficient heat transfer tubes in large scale operations. It has been suggested by Bck,  
et al. that small amounts of Fe in NiCu series produce appreciable change in the 
magnetic properties of even dilute NiCu alloys. 

Studies of the magnetic properties of NiCu alloys with small additions of Fe are 
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Personnel: S. Foner, E. McNiff; E. Bucher (Bcll Telephone Laboratories) 

Publ ica t  ions: 

JP 332 S .  Foner, A. J. Freeman, N, A. Blum, R. B. Frankel, E. f .  NlcNff, Jr. 
and H, C. Praddaude, "High Field Studies of Band Ferromagnetism in Fe 
and Ni by MGssbauer and Magnetic Moment Measurements," Phys. Rev. 
181, 863 (1969). -- 

15. Magnetic Phase Transitions in Antiferromagnetic Systems 

Pulsed field studies of the differential magnetic moment have been made ta stud!, 
the antiferromagnetic to spin-flop and antiferromagnetic to paramagnetic phase tran; I 

itions in MnF2. Similar magnetic moment measurements have also been completed 
on a-FeZ03 both parallel and perpendjcular to the c-axis in order  to examine the 
phase boundaries from 4.2OK to the Morin transition. The order  of the phase 
transition is clearly resolved by such measurements. 

Personnel: S. Foner, Y .  Shapira, A. Misetich 

Publications:  

JP 304 S. Kurtin, S. Foner 2nd B, Lax, "Ferromagnetic Resonance in Single 
Crystal BaO 6 Fe, 4, '' J. Appl. Phys. 40, 518-821 (Febniary 1969). 

16 . Studies of Magnetic Properties of Rare Earth Metals and Alloys 

The highly anisotropic magnetic properties of RCo5 compounds where R is a 
rare-earth atom, e.g. Sm, lead to extremely high energy product permanent magnet 
alloys. Studies of the magnetic properties in high fields of selected alloys and single 
crystals of rare-earth metals and alloys permit the evaluation of magnetic behavior 
of these modern permanent magnet materials. In addition, studies of the magnetic 
phase transitions in rare earth single crystals are also in progress, 

Personnel: S. Toner, R. McNiff, S. Legvold (Iowa State University), J. Rhyne 
(Naval Ordnance Laboratory) 

Publications:  

JP 340 S. Foner, Y .  Shapira, "Magnetic Phase Transitions in Pure aFe203" 
Phys. Lett. A, Vol. _I 29A, No. 5, 1969, pp. 275-277. 
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17. Cyclotron Resonance in Graphite 

Cyclotron resonance studies in very pure single crystal graphite {these 
samples were kindly furnished by G. Montet of the Solid State Division, Argonne 

resolved which do not fit the known harmonic pattern. These new lines are con- 

sistent with detailed theoretical calculations of the conductivity tensor of graphite 
which include the strong warping of the Fermi surface. 

Personilel: H. Praddaude, R. O'Brien (Weston College), D. Nelson 

Laboratory) have been completed. Additional resonance lines have &en 

18. Magnetic Properties by the 0scillating.Temperature Technique 

Detailed studies of the temperature and field dependence of the magnetization 
of alloys of low concentration iron in palladiurx were made using the ac temperature 
technique. Spinwave fits io the magnetization data of 1% iron in palladium, in its 
ferromagnetic phase, have been reported. For  the 1% sample the temperature 
dependence of the zero field extrapolation of a M/a T yielded spinwave parameters 
in good agreement with the results of other magnetic and calorimetric techniques 
(which a re  restricted to measurements in zero field). Comparison of 3 M / a T  
measured in a magnetic field with the simple spinwave models used in the zero field 
comparison, however, yields spinwave parameters which are strong functions of 
both the temperature and the magnetic field. Unusual behavior of this nature is 
expected for the strongly exchange enhanced materials'but is difficult to study using 
conventional magnetometry. The a M/aT technique is uniquely suited to measurement 
on these systems and is being used to advantage in studies of the departures from ideal 
behavior observed in these systems. 

Personnel: R. mer, J. Tsang 

Publ ic  ations : 

A B  538 R. R. mer, "3M/aT hkasurements in Ferromagnetic Pd-Fe, 
J. A. P. Vol. 40, No. 3, 1 March, 1969, pp. 1204-1205. - 

19. Calorimetric hkasurements Employing Oscillating 
Temperature Technique 

The ac temperature technique has  keen extendcd to measurements of the tem- 
perature and field dependence of the heat capacity, C (T, H) in high magnetic fields. 
Using this technique we have studied the effect of magnetic fields on critical spin 
fluctuations in nearly ferromagnetic metals and alloys. In measurements a t  zero 
field, we have reproduced the anomalous temperature dependence of the heat capacity 
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of Ni0~625Rh0~075 observed by others and attributed by them to critical spin fluctu- 
ations. When nieasurernents were made to 100 kG, however, the anomaly was 
removed and the heat capacity approximated that of a normal metal over the temper- 
ature interval of interest. We have further observed that the suppression of the heat 
capacity occurrzd a t  magnetic fields smaller than that expected from the theory of 
uniform excIian2e enhancement commonly applied to these alloys. 

In control experiments we have measured C(H,T) for pure indium where we 
find excellent apeemzn t  with accepted values of the heat capacity and of the trans 
temperature. 

Personnel: R. Cder 

20. Ultra Low Temperature Studies 

The properties of cerium magnesium nitrate in the millidegree region of absolute 
temperatuse.have k e n  studied by the technique of adiabatic demagnetization. Partic- 

ular interest has centered about determining the nature of the phase transition which 
occurs in the neighborhood of 2-3 mK. The evidence of o u r  measurements strongly 
favors the hypothesis of antiferrornagnetism. The transition in cerium magnesium 
nitrate occurs a t  a lower temperature than any heretofore observed with the exception 
of nuclear magnetic transitions. It is of further interest because this substance is 
widely used as a thermometer in the milli-Kelvin range. 

Personnel: E. Maxwell, D. Kelland; G. Zimmerman and D. Abeshouse (Boston 
University) 

Public at ions : 

JP 351 D. J. Abeshouse, G, 0. Zimmerman, D. R. Kelland, and E. Maxwell, 
"Low Temperature Phase Transition in Cerium Magnesium Nitrate, " 
Phys. Rev. Letters - 23, 308 (1969). 

G. 0. Zimmerman, D. J. Abeshouse, E. Maxwell, and D. Kelland, 
"Magnetic Properties of Cerous Magnesium Nitrate in the Millidegree 
Region," in the Proceedirigs of the 11th International Conference on Low 
Temperature P h-t. - Andrews , Scotland, pp.496. 

J. Zbasnik, L. E. Toth, Y .  M. Shy, and E. Maxwell, "Superconducting 
Critical Fields and Currents of Nb-Ti-N Thin Films in Continuous 
Magnetic Fields of 175 kG," J. Appl. Phys. - 40, 2147 (1969). 

&IS 519 

MS 525 

4 21. Mobility of He Ions in Liquid Helium 

The mobilities of positive and negative ions in liquid He are k i n g  measured be- 
tween 0.6 and 0.8 K by two methods; time-of-flight and magnetic deflection. The ratio 
of the two resulting mobilities, which is found to br: = 1, yields information about the 

4 
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interactions involved in the scattering of ions and, in particular, suggests tlnt tiiC 

dominant scattering is from rotons behaving as point scatterers. Further refincn,C:'t 

of the measurements is expected with a new Po21o ion source recently acquired. 
the same time, development of a new, more sensitive measurement technique is 

underway. The method, which involves extraction of the ions across the liquid s ~ ~ f i a ~ ~  
and their ultimate detection with an electron multiplier, should increase current- 

techniques ~ 

Personnel: C. Chase 

measuring sensitivity by a factor of at least 10 4 over conventional electrometer 
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W. Senghaphan, G. 0. Zimmerman, C. %. Chase, "Search for  Anomalies 
-in the Temperature Dependence of Ultrasonic Velocity in Water," J. of 
Chem. Phys. 51, 2543 (1969). 

C. E. Chase, F. Dupre, and M. V, Ricci, "Simultaneous Measurement of 
Ion Mobilitv in 4He bv the Magnetic-Deflection and Time-of-Flight Methods, " 
in the Proceedings of'the l l t ~ n t e r n a t i o n a l  Conference on Low Temperature 
Physics, St. Andrew,  Scotland, pp. 254-286. -- 

3 C. E. Chase and G. 0. Zimmermari, "Critical Indices of He,".in the 
Proceedings-of the 1 lth International Conference on Low Temperature 
Physics, St. Xndrews, Scotland, pp. 224-230. 

22. Properties of Thin Film Superconductors 

The critical magnetic field Hc of very thin superconducting aluminum films has 
been measured as a function of temperature, thickness, and field orientation angle. 
The temperature ranged from 0.4'I.C to the transition temperature (near 2°K). The 
thicknesses were in the range 50 to 2002i. The angular dependence of H was deter- 
mined with an  angdlar reso!ution of about 0.1. The results show clearly the importance 
of Pauli paramagnetism for such thin films. 

Personnel: P. Tedrow, R. Meservey 

Publications: 
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R. Meservey, P. M. Tedrow, "Measurements of the Kinetic Inductance 
of Superconducting Linear Structures," J. A. P. April,-1969; Vol. 2, 
NO. 5, pp. 2028-2034. 

23. Spin and Charge Susceptibility of a Ferromagnetic Electron Gas  

The spin and charge susceptibilities of an  electron gas in the ferromagnetic 
state differ significantly from the susceptibilities in the paramagnetic state. Using 

a Grccn's hnction approach we have obtained the diagonal and non-diagonal charge 



SECTION E - NATIONAL MAGNET LABORATORY 349 

and spin susceptibility of an electron gas in the ferromagnetic state including the 

long range effccts of the Coulomb potential. Assuming tlnt  the effect of an impurity 
can Le represented typically by the addition of both a charge, Ze, and spin, S, in- 
teracting with the conduction electrons via an exchange interaction, J (s-d interaction), 

we have transformed the q-space susceptibility to obtain the spatial -response of tile 

up and down spjn electrons. Neutron scattering due to magnetic impurities in ferro- 
magnetic Fe for instance has shown qualitatively different spatial spin distributions 
depending upon whether the impurity is to the right o r  left of Fe in the periodic table 
(or equivalcntly whether one adds o r  subtracts electrons). Our analysis seems to 
reproduce the essential features of these neutron scattering experiments. 

Personnel: B. Schwartz, D. Kim, H. Praddaude 
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JP 313 B. B. Schwartz and L. W. Grilenberg, "Ultra-High Critical Field in 
Superconductors with Magnetic Impurities, '' Phys. Rev. 177, - 747-743 

(January 1969). 

D. J. Kim, B. B. Schwartz, "Concentration Dependence of the Range of 
Spin Polarization in Pd-Fe Alloys," J. A .  P. Vol. - 40, No. 3, '1 March 
1969, pp. 1205-1209. 

D. J. Kim, H. C. Praddaude, and B. B. Schwartz, "Charge and Spin 
Susceptibility of a Ferromagnetic Electron Gas, " Phys. Rev. Letters - 23, 419 (1969). 
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- 

24. Localized Impurity States in Metals 

We have developed a new perturbational approach to the problem of an impurity 

in a metal based on the Anderson model. Previously we found a logarithmic temper- 
ature dependence in the electrical resistance due to the impurity without necessarily 

having to assume the presence of a localized moment on the impurity. By extending 
the previous work, we have calculated the temperature dependence of the magnetic 
susceptibility. In our new results the principal temperature dependence of the sus-  
ceptibility is logarithmic and this temperature dependence is independent of the Friedel- 

Anderson-Wolff type criterion for the formation of a local moment. 

Personnsl: D. Kim 

25. Density of States in Palladium 

A detailed investigation of the electronic structure of palladium is k i n g  performed. 

Band structure effects have been accounted for  utilizing the pseudopotential scheme of 
Hodges, Elirenreich and Lang, including the effects of spin-orbit coupling. Using a n  
interpolation scheme we have obtained 
density histograms. 

highly accurate density of states and spin 



350 

Personnel: A. Misetich; R. Watson (Brookhaven National Laboratory) 

Publications:  

MS 552 A, A. IMsetich, R. E. Watson, "The Susceptibility of Palladium 
Metal, " J. A. P., Vol. 40, No. 3, 1 March, 1969, pp. 1211-1213. - 

26. Fluorescence From Intrjnsic and Extrinsic Excitons in MnF 
Fluorescence assocjsted with the spin forbidden transition behveen 2 4  the T and 

lg 
the ground state 'A 
few as one part in lo7 metal impurities. Below 2'K emission from intrinsic excitons 

accounts for approximately 10% of the total power emitted, the other 90% by excitons 
bound to nobIe ions as Mg2'forming "shallow" excitation traps, and to other magnetic 
ions as Ni2+ forming "deep" excitation traps ~ Intrinsic excitons decay mainly to 
intrinsic magnon states, while the impurity perturbed excitons decay to impurity magnon 

states o r  to the ground state. Simple models for these excitons and magnons permit 
accurate calculation of the shapes of the magnon sidebands observed in the emission. 
Time resolved studies show that the impurity excitons a re  trapped intrinsic excitons, 
and that the trapping probability is wave-vector dependent. 

Personnel: R. E .  Dietz, A. E. Meixner, H. J. Guggenheim (Bell Telephone Laboratories, 
Inc.); A. Misetich 

has been studied ir, highly purified MnF crystals containing as 1g 2 

Publications:  

JP 347 Y. Shapira, S. Foner, and A.  Misetich, "Magnetic Phase Diagram of 
MnF, From Ultrasonic and Differential Magnetization Measurements, " 
Phys. Rev. Letters 23, 98 (1969). 

* 

- 

27. Electron Interaction and Electronic Structure in 
Magnetic Metals and Alloys 

By extending Anderson's model for  a single impurity in a metal to the case of finite 

concentration in impurities, the electronic structure and the electron interaction in 
transition metal alloys are studied. The local environment effect in the impurity mag- 

netization first discussed by Jaccarino and Walker can be reasonably explained by 

accounting fo r  the local modification of the electronic structure of the hose metal due 
to the other surrounding impurities. More generally, we have studied the relation 

between the forination of the localized moment and the occurrence of ferromagnetism 

as we increase the impurity concentration. Further, by taking into account the 

modifications of electronic structure and electron interaction due to the presence of 

impurities simultaneously, various magnetic properties of transition metal alloys are 
discus sed. 
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Personnel: D. J. Kim 

Publications:  

JP 314 J. Zak, "Dynamics of Electrons in Solids in External Fields, 11, " Phys. 
Rev. 177, 1151-1160 (15 January 1969). 

W. Zawadzki, "Bloch Electrons in Crossed Electric and Magnetic Fields, " 
in f 

- 
Jp 333 

JP 334 W. Zawadzki, "Electrons in a Magnetic Field, " in Physics of Solids in 
Intense Magnetic Fields, ed. E. D. Haidemenakis (Plenum Press,  New 
york ,  1 9 6 9 m l r  

28. Mgssbauer Effect Studies 

MSssbauer studies of Fe2+ in'cubic MgO have been completed. Under the influence 
of a suitable uniaxial stress, the quenching of the electronic angular momentum of the 
low lying threefold degenerate i? 
explained in terms of Ham's random strain model which predicts the appearance of a 
quadrupole doublet at low temperatures. A value f o r  the strain coefficient of Fe2+in 
MgO has been obtained: Gll = 585 cm-'. 

the average moment on the Fe impurities with increasing x does not result from 8 

continuous decrease in the actual moment, but rather is due to an  increasing number 
of-iron sites which discontinuously become non-magnetic. The result is in qualitative 
agreement with the Jaccarino-Walker model nf discontinuous moment formation de- 
pending upon the local impurity environment. Studies of the high magnetic field depen- 
dence of the hyperfine field of an Fe nucleus in various strongly exchange enhanced 
alloys such as PdPt, PdNi, PdRh, and NiRh are continuing. 

Personnel: R. B. Frankel, A. Misetich; J. Chappert (Grenoble), C. Abeledo 
(Brandeis), N. Bium (NASA/ERC) 

level of Fe2' has been observed. This result can be 
5g 

An investigation of the Mo Nb system reveals that the monotonic decrease in 1-x x 

Publications:  

JP328 

JP310 

J. Chappert, R. B. Frankel, A. Misetich, N. A. Blum, "Quadrupole 
Moment of 571?e," Phys. Letters 28B, 406-407 (6 January 1969). 

J. Chappert, R. B. Frankel, A. Misetich, N. A .  Blum, "Multiple 
Charge States, Hyperfine Interactions and Relaxation Processes 
of Fe inS7Co doped RIgO, " Phys. Rev., Vol. 179, No. 2, 10 March 
1969, pp. 578-589. 

- 

- 
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Jp 332 S. Foner, A. J. Freeman, N. A .  Blum, R. B. Frankel, E. J. Mcniff, Jr. 
and H. C. Praddaude, "High Field Shidies of Band Ferromagnetism in Fe 
and Ni  by MGssbauer and Magnetic Moment Measurements," Phys. Rev. 
181, 863 (1969). - 

JP 355 R, B. Frankel, "Hyperfine Interaction in Gd in Diamagnetic, Metallic 
Hosts," Phys. Letters A, 30A, 269 (1969). - 

JP 342 R. B. Frankel, Y. Chow, L. Grodzing, J. Wulff, "Nuclear Zeeman Effect 
jn w1e3 in Iron, " Thys. Rev., Vol. 1S6, 381 (1969). - 
29. Survey of Approximation Techniques for Double Time 

Thermodynamic Green's Function 

Green's function techniques are  commonly applied to theoretical analyses of dilute 
impurity problems in  strongly enhanced itinerant electron paramagnetic alloys. These 

studies bear on the nature of magnetism and local moments in metals and alloys - 
problems which are being examined with several techniques in the Laboratory. A 

survey of various analytical approximation techniques has been completed. 

Personnel: H. C. Praddaude 

30. Cooperative Programs 

About half of the magnet operating hours in  1969 were used by visiting scientists 
who carried out a wide variety of experiments primarily in solid state physics. A group 

from Brandeis University observed nucIear resonance of the proton at  130 kilogauss, 
the highest field ever  for  any NMR experiment. A group from Raytheon made high field 
magnetization measurements OR their new samarium-cobalt permanent magnet alloys. 
Other experiments by visitors incIuded many on the band structure and conduction 
properties of semiconductors, semimetals and alloys, Zeeman spectra of rare-earth 
ions in host crystals and the high field properties of superconductors. 

* 
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SECTION F 

INSTRUMENTATION LABORATORY 

The Instrumentation Laboratory, a division of the Department of 
Aeronautics and Astronautics, is a defense research organization devoted 

to research and development in inertial guidance and space navigation 
systems. 
of several  of these guidance and navigation contracts. 

The following research on materials was undertaken in support 

Sponsors hip 

The Instrumentation Laboratory is sponsored 
by a number of agencies of the United States 
Government, which are  listed under each 
subheading. 
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INSTRUMENTATION LABORATORY 

Per s onne 1 : 

Professor  C. S. Draper,  Professor ,  Aeronautics and Astronautics, 
Director, Instrumentation Laboratory 

F. E. Houston, Deputy Director 
R. Woodbury, Deputy Director 
P. N. Bowditch, Associate Director 
M. S. Sapuppo, Associate Director 

Staff Members  Participating in Materials Research: 

Mrs .  L. K. Garfinkle 
R. L. Morey 
J. L. Nelson 
Dr.  5. R. Stemniski 
P. J. White 
R. L. Williams 

Sponsors hip : 

Listed under subheadings 
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REPORT ON RESEARCH ON MATERIALS AT THE 
INSTRUMENTATION LABORATORY 

1.0 Liquid Lubricants in Vacuum Environments 

Personnel: R. Morey 
Sponsorship: NASA Contract NAS 9-4065 

Research Report 

The use of silicone fluids a s  a lubricant in a vacuum environment i s  
under continuing investigation. The need has ar isen €or developing a lub- 
ricant with better properties for prolonged vacuum exposures and consul- 
tation is being made with various organizations to determine the choice of 

test  fluids. 
ance tests a re  to be run. 

Preliminary tes ts  have been carr ied out but extensive perform- 

2.0 Materials in Manned Submersible Environments 

Personnel: R. Morey 
Sponsorship: Navy Contract N00024-67-C-0207 

Research Report: 

Various non-metallic materials which a re  to  be used in the guidance 
system of a manned submersible have been tested to determine their flam- 
mability characterist ics.  Test  conditions have included three atmospheres 
of a i r  and up to 40% oxygen. 
materials.  

Combustion rate  has been established for such 

3. 0 Materials in Deep Ocean Environments 

Personnel: R. Morey. 
Sponsorship: W. H. 0. I. P. 0. #17052 

Research Report 

A continuing program i s  being undertaken with Woods Hole Oceanographic 
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Institution to determine choce of materials for  long term exposures. 
sion prevention schemes such as  cathodic control a re  being investigated. 
1)etermination of failure modes of different cable configurations a re  being 
carried out and correlation i s  being made with deep sea  failures and in a i r  

laboratory tests.  

Cor ro -  

4 . 0  Investigation of Curing Schedule of Dow 332 Epoxy Resin and BA-1 
h c t ivator 

Personnel: Dr .  J. R.  Stemniski, R .  L.  Williams 
Sponsors hip: Navy Contract NO00 3 0- 6 6- C- 0189 

NASA Contract NAS 12-569 

Research Report: 

The degree of cure  for long t e r m  application of epoxy resins  is  quite 
cri t ical .  Incomplete cure can result  in compatibility problems, as  well a s  
deficiencies in mechanical structural  properties.  Infrared analysis of de- 

grees of cure  has proven to be quite satisfactory, as  is reported extensively 
in  the l i terature.  Application of the IR technique to Dow 332 epoxy res in  and 
BA-1 activator (piperidine) indicated that a cure schedule can be outlined 
with reasonable certainty 

While IR gives good evidence that cures  a re  effected, a program utilizing 
Ahermogravimetric analysis, differential thermal  analysis, and differential 
scanning calorimetry is presently underway to  supplement the IR method 
for determining accurate cure schedules and stoichiometry of resin-activa- 
t o r  systems. 

5. 0 Conductivity Measurements of Low Viscosity Fluids 

Personnel: Dr .  J. R. Sternniski, M r s .  L. K. Garfinkle,R.L. Williams 
Sponsorship: A i r  Force  Contract A F  04(694)-999 

NASA Contract NAS 12-569 

Research Report: 

A physical property of low viscosity fluorocarbon fluids which is of par- 
. ticular interest  is that of conductance. 

differential amplifier technique has begun. 
a cell having a constant of 0.01 crxl-' a s  a detector and a differential amp- 

A program which will utilize a 
The tes t  method involves using 



SECTION F - INSTRUMENTATION LABORATORY 357 

lif ier in the measuring circuit. 
range of less  than 4 x 10 - 9  mho can be obtained from this method. 

It is expected that values in the conductance 

6.0 Molecular Weight Distribution Determination of Gyro Damping 
Fluids By The Thermal Diffusion Method 

Personnel: D r .  J. R. Stemniski, R. L. Williams 
Sponsorship: Navy Contract N00030-66-C-0189 

Research Report 

The molecular weight distribution of bromotrifluoroethylene fluids is 

determined using an M. Fink thermal diffusion column. However, it has 
been demonstrated by Round Robin testing in committee F-7-F of the 
American Society for Testing and Materials that reproducibility of this test 
technique i s  not good. The ASTM committee has postulated many theories 
a s  to the lack of reproducibility, but unfortunately exact experimental con- 
ditions a re  not readily available. 
ials Laboratory has recently set up a thermal diffusion column and a pro- 
gram is being undertaken to  determine which operating parameters  most 
greatly affect the test resul ts .  Progress  in this a rea  i s  quite slow, since 
only one parameter at a time can be varied, and length of the test run 

(8-10 days) l imits the number of experiments that can be performed. 

The Miniature Components Group Mater- 

7.0 Propert ies  of Bromotrifluoroethylene Telomer Fluids 

Personnel: Dr. J. R. Stemniski 
Sponsorship: Navy Contract N00030-66-C-0189 

Research Report: 

In order  to  understand why bromotrifluoroethylene (BTFE) telomer 
fluids turn yellow when exposed to ultraviolet light, BTFE was treated with 
several  reagents. It has been theorized that the yellow color observed in 
fluids is due to  bromine release,  which resul ts  in anunsaturated system. 
These tes ts  were performed to determine if free bromine could be detected 
and also what chemical reagents can cause a s imilar  phenomenon. 

A solution of telomer fluid in methanol when exposed to  UV lights turns  
yellow. However, when oxygen is eliminated, the solution turns  clear.  
Addition of oxygen regenerates the yellow color. The presence of an a s  
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yet unidentified free radical in both solutions has been confirmed by the use 
of 2, 2-diphenyl-1-picrylhydiazyl. 
from the yellow solution, 

Other tes t s  confirm the evolution of bromine 

8.0 Low Temperature  Effects on Damping Fluids 

Personnel: Dr .  J. R. Stemniski, R. L. Williams 
Sponsorship: LRL Contract AT (30-1)-3911 

Navy Contract N00030-66-C-0189 

Research Report 

Because inertial measuring units a re  temperature- cycled during qualifi- 
cation testing, it is importan;t to understand the properties of fluids at low 
temperatures. 
to  temperature and pressure environments in the 0 to 3 atmosphere range 
and the -100'to +200QF temperature range. 
the 2. 3+ gm/cm density range, with varying viscosities. Samples tested 
were outgassed and non-outgassed, thin-section and bulk, with and without 
temperature probes in contact with the fluid, and at various time rates  of 
change of temperature. 
e r i c  gas from a closed system being tested. 

Various damping fluids and one balancing fluid were subjected 

Most of the fluids tested were in 
3 

In some cases, care was taken to exclude atmosph- 

In general, it was found that the crack temperature is lowered by: 

(1) lower viscosity fluid 
( 2 )  outgassing the fluid 
(3)  ra te  of cooling 

The crack temperature is raised by: 
(1) presence of thermocouple probe 
(2) shock 
(3) increased pressure 

The outgassed fluid in a closed container, filled and capped under pressure, 
cracks at a higher temperature than one which has been only outgassed. 
Thin-film and narrow cross-section fluids behave much the same as  bulk 
fluid. The fluid undergoes a 
phase change at a temperature much higher than the crack point. The pour 
point w a s  determined a s  35O? 5'F for most fluids. N o  accurate determina- 
tion of cloud points could be made since most of the fluids exhibited glass- 
transition states. 

Cracks cause bubbles even in degassed fluid. 

NOTE: This work is a continuation of t h e  preliminary work reported 
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in Research in Materials, 1968-196 9. 

9.0 Some Applications of Computer Technology to  Gel Permeation 
Chromatography 

Personnel: Dr .  J. R. Stemniski 
Sponsorship: Navy Contract N00030-66-G-0189 . 

NASA Contract NAS 12-569 

Research Report: 

Gel permeation chromatography (GPC) is a useful tool in determining 
molecular weight distributions of polymer systems. 
a s  a recorded curve and i s  easily obtained. 
GPC chromatogram can be a difficult task. 
a re  available, but a re  quite expensive and impractical where small numbers 
of curves a re  resolved. This program involved the development of a method 
that takes the best experimental GPC data available for a mixture and 
mathematically resolves it into a set of curves that corresponds to the com- 
ponents of the original sample. 
ples will give the same general curve shape, i. e . ,  a Gaussian curve. There- 
fore, a set of these curves may be added to  obtain the GPC chromatogram 

The data is presented 
However, interpretation of the 
Automatic curve resolvers 

It assumes that all single-component sam- 

of a mixture of components. 
Gaussian, but the method itself may be adapted to  other kinds of curves. 
Since this method is iterative, computer programs written in BASIC are  
also considred to  cut down the time required to  resolve a GPC. 
puter is assigned the tedious work of calculatiing and plotting, and the 
operator is left to jedge the output. With this method, a GPC chromatogram 
can be resolved in about 30 minutes. 

Here the single component curve will be 

The com- 

10.0 Heat Transfer Analysis of the M. Fink Thermal Diffusion Column 

Personnel: Dr. J. R.  Semnisk i  
Sponsorship: Navy Contract N00030-66-C-0189 

Research Report: 

The thermal diffusion column used to  determine molecular weight 
distributions of gyro damping fluid has been the subject of considerable 
analysis since it has been determined that reporducibility is lacking. This 
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had been determined during a Round Robin testing program conducted by 

ASTM committee F-7-F. 
had been suggested. 
ysis  be performed on the column. 
control, while not the sole contributor to  inconsistencies, is a major con- 
tributor. The thermal diffusion column can operate in a low temperature 
difference region or in a high temperature difference region. 
temperature drop across  the fluid is low, the convection in that layer is low 
A higher temperature drop wi l l  cause more convection. 

Several possibilities for the lack of correlation 
It was decided that a mathematical heat transfer anal- 

The study revealed that water temperature 

A l s o .  if the 

These facts may explain the greater separation of damping fluids at low 
w a t e r  flow rates .  
segregate the fluid components. 
difference, coupled with the fluid's relatively high density variation with 
temperature, will cause too much convection in the sample layer. 
tendency to  segregate will be counteracted by the greater  degree of mixing. 
This theory will be tested in  an experimental program to determine its 
accuracy . 

A t  lav flow rates ,  just enough convection may occur to 
A t  higher flow ra tes ,  the higher temperature 

Any 

11. 0 Accelerometer Fluids 

Personnel: D r .  J. R. Stemniski, M r s .  L. K. Garfinkle, R. L. Williams 
Sponsorship: A i r  Force Contract A F  04(694)-999 

NASA Contract NAS 12-569 

Research Report: 

Third generation specific force integrating receivers  have placed an in- 
creased density requirement on accelerometer fluids. 
2.7 gm/cm range a re  now required for  successful operation. 
associated with obtaining such high densities a re  mainly concerned with 
physical and chemical stability, 
is necessary that the molecules be a single species and essentially heavily 
laden with large halogen atoms such a s  bromine. 

the DuPont Company, Organic Chemicals Department. This compound has 
a very high density of 2. 675 gm/cm at 125'F and a viscosity of 1.11 centi- 
poises a t  125OF. It has performed wel l  in compatibility testing and appears 
to  be the prime candidate for  application in new instrument design. 

nmst be taken to  avoid long exposure. 

Densities in the 
3 The problems 

In order  to  achieve such high densities, it 

A promising candidate fluid - tribromofluoromethane - was obtained from 

3 

Tribromofluoromethane is sensitive to  ultraviolet light and precautions 
This is accomplished by using 
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commercially available UV screening sheets. 
Samples of tribromoftuoromethane have been obtained from four comp- 

anies and it appears that alternate sources  will be no problem. 
Other fluids studied include the following: 

Fluid Source Density Viscosity 
( g r n / ~ m ~ @ 1 2 5 ~ F )  (centipoise~@il25~F) 

FC-370 Halocarbon Corp. 2.561 3.53 
FC-375 Halocarbon Corp. 2.585 5.03 
NC-1851 Dow Chemical 2.356 3.84 
NC-1852 Dow Chemical 2.565 12.95 

12.0 Bromotrifluoroethylene Telomer Gyro Damping Fluids 

Personnel: Dr. J. R. Stemniski * 

Sponsorship: Navy Contract N00030-66-C-0189 

Research Report: 

The presently used gyro damping fluids a r e  generally believed to be tel- 
omers  of bromotrifluoroethylene. 
both high density and high viscosity while remaining in the fluid state.  While 
these materials have useful properties and a re  normally quite good, the dis  - 
advantage of a single source is ever  present.  
problem. the Navy has sponsored a program at Pensinsular ChemResearch 
designed to duplicate the properties of the fluid used in Navy inertial  measur- 
ing units. 

Peninsular has completed a one-year program in which a fluid possessing 
a density of 2.403 grn/cm and viscosity of 2600 centipoises has been success- 
fully synthesized. 
However, certain modifications are necessary to  reproduce exactly the 
specified properties. In addition, the fluid meets the other requirements 
of the specification. 

exact duplication fluid. Af te r  this  is accomplished, a 50-pound production 
batch will be prepared and submitted for final qualification in inertial  
measuring units. 

The Miniature Components Group Materials Laboratory monitors this 
program quite closely and conducts analytical investigations on prototype 
fluids. In this area, gel permeation chromatography has been extremely 

They a r e  unique because they possess 

In order  to alleviate this 

3 

These properties closely match the design specification. 

It is expected that a three-month extension of effort will result  in an 
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useful in predicting molecular weight distributions of candidate molecularly 

distilled fractions of fluids. 

13.0 Single Species Gyro Damping Fluids 

Personnel:  Dr .  J. R. Stemniski 
Sponsorship: Navy Contract NO 0 0 3 0 - 6 6- C- 018 9 

Research Report: 

Peninsular ChemResearch, Gainesville, Florida. under Navy sponsor- 
ship, recently completed a research  program directed at  synthesizing a 
singular molecular species fluids. 
high density-high viscosjty fluids based on the heterocyclic s-triazine system. 
Propert ies  are determined by the length of the side chains. 

The goal of this effort was to synthesize 

N 
CI (C F2 C F Br)n-l C F2 - C# \C - C F2 (C F Br C F2)n-l C I  

I I I  

N 
CI (C F2 C F Br)n-l C F2 - C# \C - C F2 (C F Br C F2)n-l C I  

I 
NIC/ N 

1 
C F (C F Br C F2)n-l Cl 

Triazine fluids have been prepared, where n = 2 ,3 ,4 ,  which have ex- 

hibited densities of 2.09, 2. 21, and 2. 32 gm/cm3 at room temperature. It 
is expected that when n = 5,  a density in  the 2.45 gm/cm range will be ob- 
tained. 

This research  effort will be continued at the University of Florida under 

3 

the direction of Professor  Paul Tarrant.  
will be placed on preparing triazines where n = 5 and higher. 

The emphasis of the continuation 

14. 0 Gel Permeation Chromatography 

Personnel: Dr .  J. R.  Stemniski, M r s .  L. K. Garfinkle, R. L. Williams 
Sponsorship: A i r  Force  Contract A F  04( 694)-999 

Navy Contract N00030-66-C-0189 

NASA Contract NAS 12-569 
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Research Report: 

The development of the technique of gel permeation chromatography 
(GPC) for use in analyzing damping fluid mixtures has been reported in 
previous issues of this communication. 
stantly demonstrated in routine quality control work, as  well as in research 
projects. 
distributions of damping fluids and epoxy resins .  
in directing the research effort of Peninsular ChemResearch. Gainesville, 
Florida, toward the development of damping fluids. 

The utility of this method i s  con- 

The GPC is continually used in determining molecular weight 
It has proved most useful 

15.0 Separation of Damping Fluid Mixtures by Liquid Chromatography 

Personnel: D r .  J. R. Stemniski . 
Sponsorship: Navy Contract N00030-66-C-0189 

Research Report: 

While gel permeation chromatography can separate damping fluid mix- 
tures into its components, this technique is not practical for  large scale 
separation. Waters Associates, Framingham, Mass. , is presently separa- 
ting a large sample (128 grams)  into components. This will allow determin- 
ation, of physical properties of individual components and will enable the 
preparation of a meaningful calibration curve. 

16.0 Boron Carbide Surface Studies 

Personnel: J. L. Nelson, P.  J. White 
Sponsorship: NASA Contract NAS 12-569 

A i r  Force Contract A F  04(694)-999 

Research Report: 

A method of final finishing the critical surfaces of boron carbide (B4C) 
gas  bearing par t s  has resulted in surfaces of superior fineness which also 
achieve the critical geometry. The technique is one of high-speed polishing 
o r  lapping of the boron carbide part with a suitably designed tool or plate of 
the same material. No lubricant or  cutting medium is used. The surfaces 
show no smearing (checked by X-ray crystallography and electron micro- 
scopy) and no chemical change in the surface material o r  in the residue 
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created. 
seized or spalled when this technique is applied. 
technique yields a surface finish incapable of measurement by standard 
techniques. but light reflection indicates the degree of fineness, and both 
transmission and scanning electron microscopy show surface details and 
1 ack of irregularities . 

Further studies a re  underway to determine the mechanical and/or 
chemical actions taking place on a microscopic scale. 

It  is unique to B4C: other gas bearing ceramic materials have 
This micro-machining 
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SECTION G 

LINCOLN LABORATORY 

The Lincoln Laboratory is a center for research 
and development in advanced electronics, with 
special emphasis on applications to national de- 
fense and space exploration. Summarized here 
is research in materials and related areas 
originating in the Solid State Division of the 
Laboratory. 

Sponsorship 
The Lincoln Laboratory i s  a center for research 
operated by Massachusetts Institute of Technology 
with support of the U. S. Air Force  under 
Contract AF 19(628)-5167. 
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LINCOLN LAaORATORY 
SOLID STATE DIVISION 

Per.sonne1: 

Professor A. L. McWhorter, Division Head 
Dr. P. E. Tannenwald, Associate Division Head 
M. J. Hudson, Division Assistant 
E. P. Warekois 

Publications: 

The  work of the Solid State Division is reported in detail in the quarterly 
"Solid State Research Reports, ." Lincoln Laboratory, MIT (1969: 1, 2, 3 and 4) and 
in individual publications. 

A. L. McWhorter, "Light Scattering from Plasmons in Semiconductors, Proceedings 

A. L. McWhorter and P. N. Argyres, "Raman Scattering from Magnetoplasma Waves 
in Semiconductors, " Proceedings IX International Conference on Physics of 
Semiconductors, Moscow, 1968 (Nauka, Leningrad, 1969), Vol. 2. 

International Advanced Summer Physics Institute (Plenum, N. Y. , 1969). 

A. L. McWhorter and P. N. Argyres, "Raman Scattering from Magnetoplasma Waves 
in Semiconductors, " Proceedings of the International Conference on Light 
Scattering Spectra of Solids, (Springer-Verlag, N. Y. , 1969). 

A. L. McWhorter, "Light Scattering from Plasmons in Semiconductors," Electronic 
Structures in Solids (Plenum, N. Y. , 1969). 

Theses: 

N. D. Strahm, "Raman Scattering in Mixed Semiconductors, " Ph. D. Thesis,  
Department of Electrical Engineering, MIT, February 1969. 

E. J. Tichovolsky, "Oscillatory Magnetoreflection from Bismuth-antimony Alloys, " 
M. S. Thesis,  Physics Department, MIT, February 1969. 
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RESEARCH REPORTS 

1.0 Solid State Theory 

Dr. H. J. Zeiger, Leader 
Dr. M. M. Litvak, Assistant Leader 

Staff Members: 

Dr. R. A. Bari 
Dr. R. W. Davies 
Dr. G. F. Dresselhaus 
Dr. T. A. Kaplan 
Dr. W. H. Kleiner 

Dr. D. M. Larsen 
Dr. K. L. Ngai 
Dr. A. R. Wilson 

Dr. C. Y. Young 

Graduate Student Research Assistants: 

S. R. Chinn, Electrical Engineering 

Research Report: 

The Fourier expansion method has peen applied to a description of the energy 
bands of Cu. 
and with the frequency-dependent dielectric constant. 

Good agreement was obtained with observed Fermi  surface properties, 

A theoretical calculation of the energy levels of a polaron in a magnetic field in 
the intermediate and strong coupling limit has been made. The results are in agree- 
ment with experimental observations of cyclotron resonance in CdTe, and allow a 
determination of the polaron coupling constant. 

filaments thrpugh liquids with large optical Kerr constant have been studied. The 
theory predicts a broadened, frequency-modulated spectrum, agreeing well with 
experimental observations. 

The characteristics of an intense light pulse propagating in self -trapped 

Two magnon RamBn scattering has been studied in the perovskite crystal 
KNiF3, and in the two dimensional layered compound K2NiF4. 
line shapes for the spectra a re  in excellent agreement with the theory, based on one 
exchange parameter determined from the antiferromagnetic ordering temperatures. 

A treatment of multiphonon Raman scattering with resonant o r  near-resonant 

The positions and 

intermediate states has been developed. The theory seems capable of explaining 
observations made in a number of semiconductor crystals. 
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The high temperature expansion for the staggered susceptibility of a two 
dimensional antiferromagnet indicates that a transition should take place to an 
ordered state at a finite temperature. The crystal K2NiF4 represents an almost 

ideal example of such a case, and shows a transition at a temperature in excellent 
agreement with that predicted by the high temperature expansion method. 

An application of diagrammatic techniques has been made to the calculation of 
the coefficients of a transport equation for dynamically independent electrons in the 
presence of dilute random impurities. 
a r e  given for arbitrary wavelength and frequency of the electric field, and strong 

single center potentials. 

The coefficients of the transport equa 

Interstellar grains, which are responsible for the extinction and polarization 
of starlight, might be important sources of millimeter wave emission from condensed 
galactic clouds if the grain material resembles a semiconductor with conductivities 
in the range of .01 to 10 (ohm-cmj'. About watts me2 Hz-' at the top of our 
atmosphere would come from opaque, arc-minute regions with column-densities of 
about 10 
temperatures a s  low as 10°K. 

12 grains cm-? while cooling of the grains by such emission results in 
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Several techniques have been used to investigate the phase diagrams of binary 
and ternary systems involving semiconducting compounds and their alloys. The 
liquidus and solidus curves of the CdTe-ZnTe and CdTe-CdSe systems have been 
determined by thermal analysis. A simple expression has been derived for the 
relationship between liquidus and solidus compositions for these and similar alloy 
systems. X-ray diffraction analysis has shown that in the CdTe-CdSe and ZnSe- 
CdSe systems the phase diagram below the solidus consists of regions of hexagonal 
and cubic structure, separated by a narrow two-phase region whose boundaries 
are markedly temperature dependent. This technique has also provided evidence 
that in the Bi-Te system at 450°C there is a continuous sequence of closely related 
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phases, without intervening two-phase regions, between 50.0 and 57.0 ar . % Te. 
Optical absorption measurements on the vapor phase have been used to determine, 
as functions of composition and temperature, the Zn and Te2 partial pressures 
over ZnTe and the Te2 partial pressures over Bi2Te3 and other condensed phases 
in the Bi-Te system. 

Hall coefficient and resistivity measurements have been made on four 11-VI 
compounds at temperatures up to 1000°C under controlled partial pressures of the 
constituent elements. The dependence of carrier concentration on partial pressure 
near the metal-rich limit of the homogeneity range gives evidence for the following 
native defects: a doubly-ionized acceptor in ZnTe, a singly-ionized donor in ZnSe, 
and doubly-ionized donors in CdTe and CdSe. 
compositions along the metal-rich solidus over the temperature range studied have 
been found by extrapolating the carrier concentration vs. pressure isotherms. Data 

near the Te-rich stability limit give evidence for neutral native defects in ZnTe 
(probably Te interstitials) and indicate that foreign impurities rather than native 
acceptor defects are responsible for the formation of p-type CdTe. 

For  each of these compounds, the 

The dependence of energy gap on alloy composition has been determined 
by means of optical transmission measurements on ZnTel-xSex crystals at 77" and 
300°K and on CdTel_,Sex crystals at 300°K. In each case, there is a minimum 
in the energy gap at x - 0.4. In the CdTel-xSex system, for a given composition 
the energy gap is about 0.03 eV larger for the hexagond structure than for the 
cubic structure. 

Single crystals of the magnetic semiconductors EuO, EuS, EuSe, and EuTe 
(with melting points above 2200°C) have been grown by directional freezing of 
stoichiometric melts and metal-rich solutions in sealed tungsten crucibles. 
Transparent, resistance-heated furnaces have been constructed for vapor crystal 
growth at temperatures up to about 1100°C. Conventional insulation is replaced 
by a layer of gold, deposited on F'yrex, which is highly reflecting in the infrared 
but thin enough to transmit in  the visible. 

Our discovery of the ability to transform perovskite-related structures under 
pressure to new, potentially more useful, phases that are metastable at room 
temperature and atmospheric pressure prompted us to continue studying a number 
of these phases. ABX3 compounds with perovskite structure consist of AX3 layers 
cubically stacked and having B cations in comer-shared X-octahedra. 
stacked AX3 layers form a two-layer (2L) structure with B cations in chains of 
face-shared octahedra parallel to the c axis. Hydrostatic pressure o r  variation 

of the relative atomic sizes transforms the 2L structure to perovskite via three 
intermediary structures having different ratios of hexagonal to cubic stacking. The 
stabilities of these intermediate phases arise from a balance between electrostatic 
and stacking energies. The magnetic properties of several ferrimagnetic 6L 

Hexagonally 

. 
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CsBF compounds were studied for possible applications at 10.6 IL Single crystal 
of the perovskite KNiF3 and 6L RbNiF3 were grown for Raman studies. 

Al+xBX3+x (x = 0,  1/3, 1/2, l), and single crystals of tetragonal K2NiF4 were 
also prepared for Raman studies. SrIrO , which forms a distorted 6L structure 
at atmospheric pressure, transforms to perovskite at 45 b a r s  and 1000°C. 
Sr I r  0 

3 

Another large class of perovskite related compounds has the formula 

3 

(x = 1/3) and S r  I r  0 (x = 1/2) were prepared under pressure at 1000°C. 4 3 10 3 2 7  
VOX and TiOx have a rocksalt structure with about 15% vacancies at x = 1.0 

and a rather large solid-solution phase field (0. 8 g x 5 1.3). The vacancies remain 
disordered in VOX, but in TiOx they can order for x 
structural and transport properties of cast ingots were investigated as a function of x 
as part of a continuing study of narrow-band electrons. TiOx is a superconductor 
whereas VOX i s  not. VOX is semiconducting for all x > 1.0 and exhibits exchange 
enhanced paramagnetism, but no magnetic order and no semiconductor s metallic 
transition. 

1.0. Several magnetic, 

+ 
x 2 5  The "bronzes" M V 0 form another group of vanadium oxides that are of 

interest for the study of localized versus  itinerant d electrons. From careful 
x-ray studies done at the University of Bordeaux, it w a s  possible for u s  to identify 
molecular V-0-V units within the structure and to show how these modify the 
statistics required for calculation of the Seebeck coefficients in a small-polaron 
model. 

Absolute x-ray form factors of Ni and Fe  were measured to high precision. 
The charge density of Ni reflects aspherical d orbitals. Preliminary results for Fe 
indicate similar distortions from the free-atom form factors as a result of the 
crystalline fields. These measurements are particularly important for testing band 
calculations, because the form factor is a ground state property of the atom. 

Laser technology has created a renewed interest in transparent transition- 
metal and rare-earth oxides. Several new tellurates and antimonates have been 
prepared and characterized structurally and optically. 
structure: M2+BT,e06 and R BSb06, where R3+ is a rare-earth ion and B = Ge, 

+ 3+ Sn o r  Ti. 
where M+ = Li+ o r  Na and M3+ = Cr3+ o r  Ga3+. The compounds Na2BTe06 having 
B = Mn or  Sn crystallized in an hexagonal structure that has not yet been identified. 
Compounds with the Na2SiF6 structure were also found: MnSb206, MnBTe06, 
M Te06 where B = Ti  o r  Sn, and M3+ = In, Sc, o r  Lu. 

magnetically include the ruthenium spinels Co2Ru04, ZnCoRu04, and cy and 8 forms 
of anhydrous VOS04, and the thiospinel Cue. 5Fe0. 5[Cr 1 S 

Several methods of quantitative chemical analysis have been developed o r  
improved. All  four elements in (Pbl-xSnx) (Te 

One group has the PbSb206 
3+ 

Compounds with the ilmenite structure include M2BTe06 and LiCdM Te06. + 

3+ 

Other compounds that have been prepared and investigated structurally and 

2 4' 

Se ) alloys have been determined 
1-Y Y 
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by means of electron microprobe analysis. An iterative computer procedure is 
used to process the x-ray intensity data. The precision of determining metallic 
elements by means of EDTA titrations with color change end points has been 
increased to 1-3 parts per thousand by using a spectrophotometer for manual and 
in some cases automatic titrations. 
of frozen aqueous solutions has been improved by using a nickel sample cup and 
platinum counterelectrode. It should now be possible to determine almost all 

elements in solution at the level of 10 parts per million (atomic) o r  higher. 

The technique for mass spectrographic analysis 
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The research in the Solid State Physics Group may be divided into three 
categories: (1) band structure, (2) magnetic interactions, and (3) scattering 
experiments with lasers. 

3 . 1  Band Structure 

I 

The study of interband magnetoreflection from a-Sn has been completed. 
Possible explanations for the systematic deviation at high photon energies of the 
theory based on the inverted band structure model have been proposed. 

in the range of composition 0 < % Sb 15 have been complemented by measurements 
of additional alloys. Measurements indicate the motion of some of the energy bands 
in the alloys and permit an identification of the L-point energy bands involved in 

Our previous oscillatory magnetoreflection results on bismuth-antimony alloys 
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transitions in pure bismuth with those involved in pure antimony. The results 
suggest a pattern for the variation of the energy bands at the L- and T-points in the 
Brillouin zone for the bismuth-antimony-arsenic system which is consistent with all 
previous magnetoreflection data in these semimetals. 

A comprehensive magneto-optical investigation of the conduction band of InSb 
has been carried out. Aside from the fundamental cyclotron resonance transitions, 
additional transitions involving impurities, spin-flip, cyclotron resonance harmonics 
and phonons were  investigated. 

Studies by optical reflectance of magnetic ordering effects in the magnetic 
semiconductors EuO, EuS and EuSe, have provided evidence that conduction band is 
spin-polarized in the ferromagnetic state; the low energy peak El  at - 1. 5 eV is due 
to 4f7 -. 4f6Sd(t ) transitions and the higher peak E2 at - 4 eV is due at least in part 
to 4f7 4 4f 5d(e ) transitions. Similar measurements have also been made on EuTe 
which is antiferromagnetic below 10°K. In this case the reflectance i s  strongly field 

dependent at the lower fields. 
form identical to that of ferromagnetic EuO, EuS and EuSe and this is taken as 
evidence for field induced spin alignment in EuTe. 

6 2g 
g 

At high fields (above 60 kOe) the El structure has a 

Zeeman experiments on hydrogen-like centers induced in AgBr by ultraviolet 
light have revealed a mass  shift due to electron phonon interaction which is enhanced 
by the close proximity of the transition to the longitudinal optic phonon energy. The 
anomalous energy of the phonon needed to explain the effect is leading to a 
reinvestigation of polaron theory. 

Electron-phonon interactions were also investigated in CdTe with cyclotron 
resonance measurements at discrete laser  and carcinotron wavelengths between 
118 and 901 p. The effective mass of the polarons was found to vary in the manner 
predicted from a variational calculation of the lowest Landau level energies. 

Extension of the low temperature stress measurements on phosphorus-doped 
8 2 silicon to more homogeneous and higher stresses (up to 17.5 x 10 dynes/cm ), 

about three times that of earlier experiments, has resulted in a significant improve- 
ment in the impurity optical spectra. This has allowed the observation of a nonlinear 
energy shift of the transition energies which is explained theoretically by the down- 
ward shift with s t r e s s  of the ground state. 

Shubnikov-deHaas measurements under hydrostatic pressure (up to 8 kbars) 
have been carried out in Pbl-xSnxTe alloys of composition 0.16 5 x 5 0.32. The 
shape of the Fermi  surface appears not to change with pressure,  although there i s  a 
decrease of the cyclotron effective masses. 

PbSe with emphasis on the effects of the optic phonons. The instrumentation has been 
checked out on Gals,  and preliminary measurements have been obtained in p-type 
PbSe. 

A study has been initiated of electron tunneling through insulating films into 
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3. 2 Magnetic Interactions and Ordering 

An investigation of the magnetic interactions in the ferromagnetic conducting 
alloys CoSz-xSex has been initiated. 

transition region for x = 0. 1 and 0.2 have raised some questions regarding the order  

of the phase transition; it is hoped that differential thermal analysis may resolve 
this point. Concurrent with this experimental work, a theoretical study was carried 

out of the spin configuration which minimizes the classical Heisenberg exchange 
energy in the fcc lattice with first- and second-neighbor interactions. The results 
are in contradiction to the spin configurations of CoSeS and CoSe proposed by 

Adachi, 9. , from neutron diffraction. If the latter configurations are correct,  
then there must be significant contributions to the energy from other than Heisenberg 
interactions. 

Preliminary measurements in the magnetic 

2 

Investigation of the local stability of the conical spiral spin configuration in 
normal cubic spinels shows that the spiral  which gives good agreement with experi- 

ment for CoCr204 is actually unstable for the estimated values of the nearest- 

neighbor A-A, A-B, and B-B, and more-distant-neighbor B-B exchange interactions. 
The results demonstrate the existence of a new, previously unimagined configuration 

having nonzero Fourier components associated with more than one member of the 

k = (h, h, 0) family -- a configuration which appears to be more complicated than an 
epicone spiral. 

4 

Various aspects of neutron diffraction experiments yield conflicting results as 

to the order of the ferrimagnetic-antiferromagnetic transition in CrsS6 In order to 
resolve this apparent contradiction, C r  S is being examined theoretically, by means 5 6  

.of the Heisenberg Hamiltonian, and experimentally, by investigating i ts  magnetic 
properties as a function of pressure as well a s  magnetic field and temperature. 

23.5 kOe) of the nuclear resonance linewidth of Mn5' in the low anisotropy antiferro- 

magnetic compounds CsMnF3 and RbMnF3 at 18" and 4.2 "K. An interpretation of 
the linewidth behavior in te rms  of existing theories gives fair agreement except for  

an unexplained anomalous linewidth peak which is observed only in RbMnF3. 
Measurements from 5.0 to 70.0 GHz of the intensities of the spin wave absorp- 

tion peaks of two nickel-iron films indicate that the spin wave dispersion i s  quadratic 
in mode number, p, from p = 9 to 21, with a frequency dependent normalized 

8 intensity behavior wh+h approaches l /p  to 1/p1' rather than l/p2. Since mode 
number assignment for these fi lms was unambiguous, the odd-integer numbering 
scheme (and surface spin pinning) cannot be invalidated, as recently suggested in the 

literature, simply on the basis of the deviation of the intensities from l /p  behavior. 
Furthermore, any intensity model must include the strong frequency dependence. 

An investigation has been carried out on the magnetic field dependence (2. 5 to 

2 

The spin-space group concept, advanced by Brinkman and Elliott for  analyzing 
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the symmetry properties of spin waves in magnetic insulators where spin-orbit 
coupling effects are negligible for  the ground state of the magnetic ion, can be 

extended to optical excitons arising from single-ion transitions between the ground 
state and an excited state where spin-orbit effects are negligible. This idea has been 
applied to the A2 - 2E excitons in C r  0 to investigate the role of spin-orbit coupling 
in producing the small but nonzero measured transfer-of-excitation matrix elements 
between opposite spin sublattices. 

4 
2 3  

A new type of electron spin wave in conducting solids resulting from spin orbit 
coupling, and distinct from Fermi  liquid spin waves, has been described. It is 

expected that these waves will be observable by R aman scattering experiments. 

3 .3  Scattering Experiments with Lasers  

Using Brillouin spectroscopy, the velocity and attenuation of 27 to 28 GHz 
longitudinal hypersonic waves in fused quartz have been measured between 80" and 
600°K. The pronounced attenuation peak at .U 130"K, also observed previously by 
ultrasonic measurements but attributed to a structural relaxation mechanism, can be 

explained by a simple anharmonic mechanism involving scattering of thermal phonons. 
The high-resolution thermal Brillouin scattering technique has been used to 

study the temperature dependence of the hypersonic (3- to 5-GHz) velocity and 
attenuation in liquid nitrogen along the saturated vapor line from the triple point to the 
norna l  boiling point. Since both the velocity and attenuation results agree with 
previous measurements at megahertz frequencies, the acoustical dispersion d u e  to 
the 2-GHz internal molecular vibration frequency is completely negligible. 

Fine structure, which is a manifestation of an allowed linear dependence of the 
optical phonon frequency with wavevector, has been observed in the low temperature 
Raman spectrum of the 128 cm-' E-mode in cu-quartz. The optical activity which 
should be associated with this linear wavevector shift has been calculated. A linear 
wavevector dispersion was also observed in the transverse acoustic branches via 
backward Brillouin scattering. 

The cross  section for the inelastic scattering of light from mobile car r ie rs  in 
semiconductors in a dc magnetic field has been calculated in a manner sufficiently 
general to include directly particle-particle Coulomb interaction and important band 
structure effects. The result is a significant improvement over previous calculations, 
and yields important screening effects for Landau level Raman scattering. 
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Research Report: 

Guard-ringed GaAs Schottky bar r ie r  diodes have been fabricated which exhibit 
uniform avalanche photocurrent gains exceeding 100 with gain-bandwidth products 
over 50 GHz. The diodes consist of semitransparent platinum Schottky barrier 
contacts electroplated on n-type GaAs. The insulating guard ring was formed by 
proton radiation bombardment. Operating at a gain of 100 the photoresponse was 

uniform across the active region of the diode to better than k 20 percent, and the 
response speed was less than 0.3 nsec. 

and high quality n-p junctions have been obtained using this technique. For  a Se+ 
12 2 17 3 dose of 3x10 /cm giving a peak ca r r i e r  concentration of 2x10 /cm , more than 

50% of the implanted ions were observed to be electrically active. Fo r  larger doses 

the doping efficiency decreases, and the car r ie r  concentration approaches a limiting 
value of approximately 10 GaAs n-p avalanche photodiodes fabricated in this 
manner have shown photocurrent gains in excess of 300 when biased near reverse 
breakdown. A s  in the Schottky bar r ie r  devices, a guard ring of insulating GaAs was 
formed by proton bombardment. Again the photoresponse was found to be uniform 
over the entire region of the diode to better than * 20 percent at an average photo- 
current gain of 100. 

Efficient doping of GaAs has been observed using Se+ ions implanted at 400 keV, 

19 3 /cm . 

Spectral measurements have been made on electroluminescent metal- insulator- 
semiconductor diodes fabricated from p-type ZnTe. The insulating region was 
created in the ZnTe by proton bombardment and gold was used for the metal contact. 
Efficient green electroluminescence, associated with the bandgap, and red electro- 
luminescence, associated with an isoelectronic trap, were observed in devices made 
from different crystals. 

Proton bombardment has been found to produce n-type layers in p-type InSb and 
has been used to fabricate high quality n-p junction photodiodes with resistances at 
zero bias in the range of several hundred thousand ohms. A peak detectivity of 
7 . 7 ~ 1 0  cm Hz1l2/W has been observed at 5 . 3  y, and an a r ray  of 12 diodes has been 
fabricated on a single wafer, all of which have 500°K black body detectivities in 
excess of 1x10 cm H ~ ' / ~ / w .  

further classified. Infrared radiation above 0. 23 eV creates electron-hole pairs in 
the InSb, and starting at about 1. 2 eV some of the photoexcited electrons escape and 
become trapped in the oxide. At photon energies above 3 eV the oxide becomes 
photoconducrive, such that its charge state can be modified by applying bias, and the 

10 

10 

The effects of light on the charge state of anodized InSb MOS devices have been 
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surface of the n-type InSb can be swung from accumulation to inversion in a controlled 
fashion. 

Epitaxial layers of GaAs with 77°K Hall mobilities up to 210,000 cm'/Vsec 
have been grown in an AsC13-Ga-hydrogen flow system. The best sample had a peak 
mobility of 340,000 cm /Vsec a t  40°K and a total ionized impurity concentration of 
about 7x10 cmm3. The total ionized impurity densities were obtained from analyses 
of the temperature variation of the Hall  constant, and also by analyzing mobility and 
ca r r i e r  concentration data as a function of temperature using the Brooks-Herring 
formula. These results have been used to determine empirical curves relating the 
impurity density to the 77°K Hall mobility and ca r r i e r  concentration measured at 5 kG. 

2 
13 

The temperature and magnetic field dependence of the Hall coefficient factor for 
polar optical mode scattering has also been measured in the high purity n-type 
epitaxial layers of GaAs. 

theoretical calculations. 
The experimental variation is in fair agreement with 

Spectral measurements of t he  f a r  infrared photoconductivity due to shallow 
donors in GaAs reveal peaks due to the ( Is  - 2p) and ( Is  - 3p) transitions in addition 
to a broad continuum a t  higher energy. From the energy of these transitions and 
their splitting in a magnetic field we obtain a donor ionization energy of 5. 86 meV 
and an effective electron mass  of 0.0665 mo. 

The effect of donor concentration on the extrinsic photoconductivity spectra of 
13 shallow donors in GaAs has been studied for  donor concentrations between 4 . 8 ~ 1 0  

and 2x10 ~ m - ~ .  The ( Is  - 2p) photoconductivity peak remains essentially constant 
while the measured thermal ionization energy decreases with increasing donor con- 
centration due to the merging of the higher excited impurity states with the conduction 
bahd edge. 

15 

F a r  infrared radiation corresponding to transitions from excited donor states 
and from conduction band states to the ground state of a shallow donor has been 
observed in high purity epitaxial l ayers  of GaAs a t  4.2"K. 
peak at 282 IJ. and a broad continuum extending to higher photon energies. 
radiated power of lom7 watts has been observed. 

diodes in the composition range 0 5 x 
x s 0. 15 the dependence i s  positive above 30"K, whereas for 0. 15 < x SO. 3 the 

dependence is negative. This is consistent with the band model proposed in which the 
conduction and valence E n d s  invert at about x = 0.15. 

In addition, the magnetic field dependence of the energy of laser emission from 

The emission has a main 
A total 

The temperature dependence of the energy of laser emission from Pbl-xSnxSe 
0 .3  has been studied up to 100°K. For  0 s 

Pbl-xSnxSe diodes in this composition range has been studied at 4.2"K. For  0 5 x 
0. 15 the magnetic field dependence is positive for the lowest energy line, whereas 

for  0.15  < x 5 0.3 the dependence has about the same absolute value but is negative. 
This is again consistent with the proposed band inversion model. 
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Interdiffusion in PbSe has been studied by diffusing excess Se into Pb-rich n-type 
PbSe and excess Pb into Se-rich p-type PbSe. 
with a diffusion model in which the interdiffusion coefficient has two values, D in 
Se-rich material and Dn in Pb-rich material with D = 9Dn. 

P 

as a function of temperature and magnetic fields. The resistivity exhibits a sharp 
increase between 50 and 70"K, which is interpreted in terms of a transfer of electrons 
between a conduction band whose energy position is a strong function of temperature 
and magnetic field and a trap whose energy is roughly constant. 

The results are in essential agreement 

P 

The conductivity of the ferromagnetic semiconductor EuO has been measured 
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CENTRAL FACILITIES OF THE INTERDISCIPLINARY LABORATORY 

The Central Facil i t ies in the Interdisciplinary Laboratory provide 
two types of service to the research  groups associated with the Center. 
General services  for chemical analysis, machine shop work, electronic 
instrument repair ,  computation facilities, reading room and technical 
Information on materials a re  established under professional supervision. 
Specialized services  for crystal  growth, materials preparation, and 
materials characterization are established under the direction of a faculty 
member who is actively engaged in research  in the same field. The 

es of these specialized services made available to members of 
the Center and others at MIT a re  maintained at the forefront of the a r t  by 
this close association with the research  programs conducted by the super- 
vising faculty member.  

The Central Facil i t ies a re  described briefly below: 

GENERAL SERVICE FACILITIES 

Central Analytical Laboratory 

Staff : 
A. F. Witt, Associate Professor  
L. A .  Carrara ,  D.S.R. Staff 

'D.  L. Guernsey, D.S.R. Staff 
S. M.  Nagy. D.S.R. Staff 
W. W. Correia, D.S.R. Staff 
E. Neuwelt, Technical Assistant 
C. A .  Clark, Northeastern University Cooperative Student 
S. Benson, Northeastern University Cooperative Student 

The Central  Analytical Laboratory provides chemical - analytical 
service throughout the Institute and is engaged in improving existing and in 
developing new analytical techniques in order  to meet the continuously 
changing requirements'put forward by materials research.  
these developments the Analytical Laboratory shifted emphasis f rom pre- 
dominantly "wet" chemical analysis to instrumental semi-micro and micro- 
analysis. 

In line with 
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During the past year  over 2500 analyses w e r e  performed by the 

laboratory for some 150 projects. 
the M. I. T.  community, including the Instrumentation Laboratory, the 
Lincoln Laboratory, and the National Magnet Laboratory. The facility 
was, however, also used by other institutions including Harvard University, 
University of Pennsylvania, and the University of Connecticut. 

These analyses were  predominantly for 

The scope of analytical work ranged from routine metallurgical 
specimens (bulk and t race analysis) to  laser  and semi-conductor materials 
in which t race impurities had to  be qualitatively and quantitatively 
analyzed. 
sultant and assistant to  various groups requiring analytical services. 

In some instances the analytical laboratory served also a s  con- 

The Analytical Laboratory is also extensively engaged in analyses 
of liquids and gases in par'ticular of various gases dissolved in t race 
amounts in metals and alloys. 

A partial list of the instrumentation available at the Central Analy- 
tical Laboratory includes the following: 

Emission spectrograph 
Atomic absorption spectrograph 
Beckman Spectrophotometer with flame photometer 
attachment 
Photofluor ome te r 
Controlled potential Electro- analyzer 
Orion Ion analyzer 
Sargent polarograph 
Gas Chromatograph 
Leco gas analyzers for H2, 0 2 ,  N2, and C 

Since the Laboratory is supported by the Center for Materials Science 
and Engineering it is possible to  keep the charges low and as  a result they 
compare favorably with those of commercial analytical facilities. 
instances these charges a re  based on the amount of time spent on the pro- 
ject. 
charges. 

In many 

The more common metallurgical analysis a re  performed at standard 
Specific information concerning these is available upon request. 
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Central Machine Shop 

Staff: 
P. Kelleher, Foreman 
T. Fa r re l l  
W. Fielding 

E. Gempka 
C. Desjardin 
E. Newman 
F. Payne 
G. Shawnessy 

The facility is a fully equipped shop staffed by 7 machinists established 
to  construct, modify or repair  the wide variety of apparatus used in the 
center. Much time is devoted to  student thesis work and a high priority 
has been given to  work of this nature. In the 1968-69 period 75 projects 
have used our facilities with over 400 requisitions for  services. 

machinists a r e  highly skilled and can often contribute solutions to  design 

The 

problems. 

Machine Tools available include: 
High Precision Lathes (Max. turning capacity 16 1/2") for  turning, boring 
thread cutting including metric pitchs. 
Milliag Machines equipped with dividing heads and rotary tables for angular 
indexing of holes, grooves, graduations etc. 
Surface Grinders maximum capacity 6" x 18" 
Cylindrical Grinding maximum capacity 5" x 15" 

Internal Honing 1/8" - 2" dia. 
Drills 0" - 1" la rger  holes may be cut in plate 
Band Saw 24" capacity 
Sheet Metal Tools include a 48" shear 24" box brake 2" x 24" slip roll 

Miscellaneous services  include heat treatment, welding and hard and soft 
soldering. A student-staff shop located in rm. 13-2045 is maintained as 
part of this facility. 
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Electronic Instrument Repair and Construction Shop 

E. L, Greenwood, Technician 

The services  performed by this shop are the construction of 
electronic equipment, repair  of electronic instruments, and trouble 
diagnosis. 
members, students and other Technicians. 

Consultation is offered on electronic problems to  staff 

The Electronics Shop (Room 13-1029) is equipped with bench 
instruments and is available to  others for short-term projects. 
par ts  may be requisitioned from the Laboratory Supplies Stockroom 
(Room 4-052) and the Physics Department Stockroom (Room 4-335)  

Electronic 

Central Computation F-acility 

Staff: 
Professor  Roy Kaplow, Faculty Supervisor 
Miss Sally Duren, Staff Programmer 

The Computation Facility of the Materials Center provides computer- 
related services. Included among these are: 

a. Convenient access to  general purpose equipment, 
such as a type 029 keypunch (for punching cards), 
a remote typewriter terminal (for general purpose 
access to  any of the M. I. T. time-sharing systems), 
a remote ARDS-I1 storage-tube terminal (for on-line, 
graphical input and output). 
Consultation regarding the use of that equipment 

and the broader M. I. T .  central facilities 

GE 645/MULTICS) and their associated peripheral 

equipment. Advice may be obtained, also, on problems 
of program writing. 
Complete program writing and implementation on a 
“custom-job’‘ basis. 

b. 

(IBM 360/65-40, IBM 7094/CTSS, IBM 360/67-CP/CMS, 

c. 

In addition, the facility attempts to  provide a focus for  computer- 
service-oriented development work. It is presently assisting in the 
implementation of a Literature Search Service experiment (sponsored by 
the National Science Foundation) in which about twenty members of the 
Materials Center Staff a re  participating, in cooperation with the Technical 
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Information Project. 

Materials Center Reading Room 

Staff: 
Mary E. Pensyl, Librarian 
Betty-Ann Curtis, Assistant Librarian 

The Materials Center Reading Room, which maintains a collection 
of material supporting the research activities in Building 13, has been in 
service since November 22, 1965. 
branch of the Engineering Library with partial support from the Advanced 
Research Projects Agency. 
working collection oriented toward solid state physics and material science, 
having current research value to staff members in the Center. A Library 
Committee representing the various Center disciplines meets periodically 
with the Librarian to choose material recommended by members of the 
'Center. The present Committee, chaired by Professor G. B. Benedek 
(Physics), includes: Professor R. B. Adler (Electrical Engineering); 
Professor M .  B. Bever (Metallurgy); Professor G. F. Koster (Physics); 

Professor F. R. Morgenthaler (Electrical Engineering) and Professor 
D. P. Shoemaker (Chemistry). 

It is operated administratively as a 

The Reading Room contains a very selective 

Immediate availability of items in the Reading Room is of prime 
concern; therefore, it is a reserve collection, circulating only during 
hours that the Reading Room is closed, However, all purchases made for the 
Reading Room are duplicated in the Engineering Library, where material can 
be borrowed for the standard loan period. 
Room remains at 14. 

Seating capacity in the Reading 

There are 1,100 monograph and serial titles and 91 periodical titles. 
A yearly statistical compilation of reader use determines the renewal 
policy for journal subscriptions. 
and indexes are available for literature searching. 
of 630 reports and publications written by members of the M. I. T. 
community and supported by the Center for Materials Science and 
Engineering is housed in a file cabinet and indexed in the card catalog. 
Annual reports from 24 major materials research centers throughout the 
United States are also available. 

Limited holding of standard abstracts 
An archive collection 

An Addressograph-Multigraph 300 Electrostatic Copier is located in 
the Reading Room for copying library material, supplemented by a Xerox 
facility across the corridor. Copies can be charged to an Institute operating 
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account. 
The services of the Reading Room include: Literature searching; 

compiling of bibliographies and maintaining current awareness for staff 
members. A bulletin is periodically published giving an annotated listing 
of recent acquisitions, library news and information on materials science 
literature. Three hundred copies of each issue are regularly distributed 
throughout the Center as well as to interested parties outside the Institute. 
Furthermore, the Reading Room serves as a liaison between Materials 
Center personnel and the Defense Documentation Center, specialized data 
analysis centers and other referral services. 
attests both to its convenience and its relevance to the needs of the mem- 
bers of the Center for Materials Science and Engineering. 

Heavy use of this facility 

Technical Information Services 

E .  P. Warekois, Research Staff 

A Technical Information Services has been established to act as a 
liaison between the various material oriented groups within the Center for 
Materials Science and Engineering, the M. I. T. Lincoln Laboratory, and 
the Francis Bitter National Magnet Laboratory. 
service is to collect and provide information relative to the availability or 
sources of requested research materials, unique processing facilities, o r  

specialized measurement techniques that exist throughout the M. I. T. 
materials community. 

more interaction between those individuals involved in producing such 
materials and those individuals involved in the characterization of materials. 

The primary function of this 

It is hoped that this type of service will encourage 
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SPECIALIZED SERVICE FACILITIES 

Insulating and Optical Crystal  Growth Facility 

Staff: 
A. Smakula, Professor,  Electrical  Engineering 
A. Linz, Research Associate, Electrical  Engineering 
J. Kalnajs, Research Physical Chemist, DSR Staff 
V. Belruss, DSR Staff 
E. F. Farrel l ,  DSR Staff 
D. R. Gabbe, DSR Staff (part-t ime) 
R. Ililills, Project Technician 
A. Vetrovs, Technical Assistant 

This facility is equipped to handle the chemical synthesis, crystal  
growth, sample preparation and characterization of most types of oxides, 
fluorides and other halides, utilizing many different techniques. This is 
made possible by having a sizeable staff with diverse skills, each devoting 
a par t  of his t ime to  the facility and the res t  to the Crystal  Physics and 
Optical Electronics Laboratory. 

During the past few years  the Insulating and Optical Crystal  Growth 
Facility has provided crystals  for many groups within the Materials Center 
and the rest of MIT, a s  well a s  providing a great deal of consulting effort 
oy crystal  growth and crystal  characterization. Crystals have also been 
provided to  laboratories outside MIT, including other universities, 
Bell Telephone Laboratories, Brookhaven National Laboratories, and 
others. 
enter into cooperative research with other groups within the Institute. 

We welcome opportunities to  expand our field of operations and 

1. Chemical Synthesis 
Chemical preparation Chemical preparation of feed mater ia ls  of 

halides, fluorides and oxides of various types can be 
Calcination accomplished. There a r e  furnaces for calcining 

oxides in a i r  and various gases,  calcination of 
fluorides under H F  atmosphere and the purification 
of these materials.  
zone refiner for  the purification of low melting point 
halides. 
purification of more  refractory mater ia ls  is under 
development. 

Purification 
There is a resistance heated 

A more  elaborate zone refiner for the 

There is also a dry box for  handling 

Zone refining 

Dry box 
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Solution growth 

Hydrothermal 

Halides 

Fluorides 

Oxides 

Flux growth 

TSSG oxides 

Chemical vapor 
deposition 

Density 

deliquescent halides and fluorides and equipment 
for pulverizing and classifying flame fusion oxide 
feeds. 

2. Crystal  Growth 
The crystal  growth facilities include baths for 

growth from aqueous solution, which are loaned out 
to laboratories who wish to use them. 
two reactor system capable of operating at temper- 
a tures  up t o  8OO0C and pressures  of 10,000 psi  is 
available for hydrothermal growth from aqueous 
solution. 
with either a low temperature Bridgman furnace 
using sealed quartz crucibles, or a Czochralski 
furnace with atmosphere control. Fluoride 
crystals  can be grown in atmosphere controlled 
Czochralski furnaces permitting crystals  of 
extremely high quality to be obtained. 
of refractory oxide crystals  by melt  techniques is 
accomplished by the use of either a flame fusion 
burner or an R F  powered high temperature 
Czochralski furnace. 
grown from fluxes using one of three furnaces for 
slow cooling of sealed crucibles. 
a top-seeded solution growth technique developed at  
this laboratory is available for the production of 
very high quality oxide crystals,  particularly 
ferroelectr ics  and laser host materials.  
are currently 5 furnaces available for this type of 
growth. 
furnace has  recently been added to the facility for 
growth from the vapor, and it is expected that 
other more  complex vapor phase crystal  growth 
systems will be added. 

A Tem-Pres  

Halide crystal  growth is accomplished 

The growth 

Oxide crystals  may also be 

Where suitable, 

There 

A chemical vapor deposition (CVD) 

3. Crystal  Characterization 
Crystal  evaluation is the third capability of the 

Precision density measurements’ can be facility. 
made with a recording balance for large specimens 
and a microbalance for  small  specimens. 
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X-ray diffraction 

Spectrophotometers 
ultraviolet 
visible 
infrared 

1 8 6 0 i  4 5 0 p  

Refractive index 

Optical and infrared 
fluorescence 

X-ray orientation 
Cutting, grinding 

and polishing 
HV evaporator 

Precision measurements of the lattice constant in 
single crystals  a s  w e l l  a s  powders can be made with 
a Norelco x-ray unit, a clinometer and an x-ray 
monochromator. There is also a hardness tes ter  
for  single crystal  evaluation. 
can be made on a Cary-14R high-resolution spectro- 
photometer in the ultraviolet, visible, and near 
infrared. 
for infrared measurements, making possible 
measurements over the range from 1860 to 
50 microns. Equipment for  precise  measurement 
of refractive indices of crystals  over a wide wave- 
length range is being added to the facility. Steady 
state optical fluorescence spectra, excitation 
spectra  and lifetime measurements can be made over 
the range from 3,000 
tures  between 4OK and 500°K. 
of specimens, x-ray and optical orientation a s  well 
a s  cutting, grinding and polishing of crystals  can be 
car r ied  out. There is also a vacuum evaporator 
available for electroding specimens for  electrical  
measurements and other purposes. 

Optical measurements 

There is also a Beckman IR-12 available 

to 2 .5  microns at  tempera- 
For  the preparation 

4. Charging Policy 
Extensive use of the Crystal  Physics Laboratory facilities by students 

from other laboratories has been encouraged and is a large factor in this 
operation. Where such students a r e  available to participate in the work 
we have avoided making any charges for the use of facilities by these 
students. Where a large crystal  growth project involving long-term 
involvement of the Crystal  Physics Laboratory staff is involved, special 
arrangements a r e  made with the group involved. 
typified recently by the successful project for the growth of vapor phase 
crystals of SnO for Professor  Rediker's group, the addition of these 
facilities for  vapor phase growth was of sufficient importance that the 
Capital Equipment was provided from the Central Facility funding, while the 
labor was provided by a graduate student in Professor Rediker's group. 
Such mutually beneficial projects a r e  encouraged. All consulting and, 
where possible, crystal  samples that exist on the shelf or which can be 
grown with known techniques without major development effort, a r e  
provided out of Central Facility funding. 

In some cases,  a s  

2 

Only where a major  development 
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effort is required and no student help is available a re  time and materials 
charges applied. 
to cover the cost of maintaining equipment and no charges have been made 
for use of equipment. 

Up to  now, Central Facility funding has  proved adequate 

Semiconductor Crystal Growth and Characterization 

Professor  H. C. Gatos, Faculty Supervisor 
Professor A. F. Wit t ,  Faculty Supervisor 
M. Lichtensteiger, DSR Research Staff 

The Central Facility within the Electronic Materials Group is en- 
gaged in the growth of elemental and compound semiconductor crystals in 
bulk and film form and in extensive work to  characterize the electrical 
and optical properties of these materials. 

The purpose of the Facility continues to  be twofold: it endeavours to  
keep abreast of and develops new techniques in materials preparation and 
characterization within the framework of the "state of the art" and it pro- 
vides services to  meet specific needs for semiconductor crystals on a 
developmental basis. 
lated to structural perfection, stoichiometry, impurity content and homo- 
geneity is an important part of the activities. 
the Electronic Materials Group are  extensively consulting on crystal growth 

The characterization of materials properties re- 

Members of the Facility and 

.techniques, sample preparation and evaluation. 
During the past year the Semiconductor Growth Facility has prepared 

and supplied various materials in close cooperation with interested groups 
throughout the Institute, e. g. germanium single crystals with extremely 
low ca r r i e r  concentrations for dielectric studies, gallium and indium 
antimonide crystals for an exploratory investigation of IR window materials, 
high resolution low temperature sensors  employing germanium thin films, 
and others. 
growth of lead salts, urged by the needs of several groups in the Center. 
A major study of the deposition of thin films by sputtering techniques has 
led to a c learer  understanding of the mechanisms involved and has resulted 
in  a method for  t h e  conversion in cadmium sulfide, previously only possible 
by ion-implantation techniques. 

Considerable effort has been placed in the preparation and 

A number of Czochralski furnaces a re  operating with provisions for  
growing crystals under vacuum or protective atmospheres including a RF 
heated puller which permits growth of materials with melting points up to 
1500 C. 0 The Facility is supplemented with a horizontal zone melting furnace. 
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a high temperature Bridgman furnace used for the growth of lead salts, 
an a r c  melting furnace and a vacuum annealing unit reaching temperatures 
in excess of 180O'C. The Facility also has at its disposal a RF sputtering 
system - developed in the group - which is presently employed in a study 
of structural and electrical properties of cadmium sulfide crystalline films. 
A modular RF-DC sputtering system has been designed and built which 
permits rapid change of target materials with minimum contamination of 
the chamber. 
thin films by direct evaporation in the 
system capable of reaching limiting pressures  of Tor r  is currently 
being tooled for vacuum deposition work. An ultra-high vacuum system 
which reaches Torr  is also available for the study of properties of 

A small  vacuum coater is available for the deposition of 
Tor r  range, while a high vacuum 

clean" surfaces. 
A comprehensive electrical measurement facility has been created 

for the characterization of electronic materials. It is centered about a 
9-inch field regulated magnet with 15 KGauss field intensity. Peripheral 
equipment has been instrumented to make possible semi-automatic precision 
Hall and resistivity measurements f rom liquid helium to room temperatures. 
Sa'mples up to  400 KOhm impendance can be measured with 0.3 M V  
resolution. 
a s  detector permits electrical transport measurements on insulating 
materials and thin films up to  a t  least  10" Ohm samples impedance. 
sets of standardized quick-connect sample holders have been designed 
around readily available electronic components which greatly enhance the 
usefulness of the tes t  facility. More recently, the range of transport 
measurements has been expanded to  900°C with the addition of a high 
temperature bi-filar wound vacuum furnace. 

on bulk or film samples using a single beam spectrometer with an optical 

modulation technique is being assembled. 
structures by a differential technique in the energy range 6. 2 eV to  0, 5 eV. 
Additional optical facilities include a Reichert light microscope and a 
Zeiss Ultraphot 11 providing linear magnifications from 4x to 1200x with a 
resolution exceeding 2000 x. A transmission interference contrast 
attachment and a flatness interference tester covering a 3" diameter field 
of view aid further in the elucidation of optical properties of materials. 

A Van der  Pauw set-up with a vibrating capacitor electrometer 

Two 

Equipment for optical reflection and transmission me a s  ure ments 

It wi l l  resolve weak optical 

The various par ts  of the Central Facility briefly described have been 
made available to an increasing number of groups in the Center and other 
par ts  of the MIT Community. Due to  the specialized nature of the equip- 
ment, assignments are either handled by staff and other members of the 
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group, or appropriate training may first be given with further assistance 
rendered when needed. Often no charges a re  made, since the Facility is 
largely sponsored by the Center for Materials Science and Engineering, 
however, in some instances nominal charges for  materials and labor a re  
being made. 

Semiconducting Crystal Preparation Facility 

Professor  R. H. Rediker, Faculty Supervisor 

This facility is equipped to cut and/or polish the large spectrum.of 
semiconductor materials with a minimum of work damage. 
cutting machine with carborundum or diamond impregnated cutoff wheels 
of up to  8 inches in deameter and with an adjustable orientation table for 
sample mounting is used to slice boules of relatively hard semi-conductors. 
A smaller cutting machine with 4-inch diameter diamond impregnated 
wheel is used to  cut smaller boules and also to dice wafers. Two wire saws 

of unique design a re  used to cut boules and dice wafers of softer semi- 
conductors such a s  the lead sal ts .  The speed of travel of the nichrome 
wire which car r ies  the abrasive to  the sample is fully adjustable a s  is the 
dowq feed onto the sample. 

a s  one centimeter per  day. 
a s  they are with the Felker  cutting machine and requests for such oriented 
cuts a re  honored by use by our facility of the X-ray equipment available 
in the Metal Crystal Preparation Facility o r  in the Insulating and Optical 
Crystal Growth Facility. For cutting odd o r  cylindrical-shaped samples, a 
Sheffield 200 watt Ultrasonic Cutter is available. 
recommended for this  "cookie cutter" is 1 inch in diameter x 3/8 inch deep. 

A Felker 0. D. 

True cuts can be made at a cutting rate a s  slow 

Oriented cuts a r e  possible with the string saws 

The largest size cutter 

F o r  polishing, four Buehler polishing wheels a re  used, two of which 
are inside a chemical exhaust hood so they can be used for  simultaneous 
etching and polish t o  further reduce work damage. 
polishing wheel is used for polishing with diamond paste. 
is available to evaluate the results of the polishing. 

A Struers  DP-10 
A metallograph 

Preparation of the semiconductor samples is done by a skilled 
technician upon submission of written requests. 
are charged an amount tied to  the technician's salary for the actual time he 
works on their project. 
hour. 
facilities such a s  for X-ray orientation are passed on the user .  
tional cases ,  where a student o r  staff member needs to prepare many samples 

The users  of the facility 

The present charge is approximately $ 3 .  75 per 
Any charges incurred in  sample preparation from other central 

In excep- 
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using one of the less critical pieces of equipment, he wi l l  a t  the request 
of his professor be taught by the technician in charge to use the equipment 
and then be allowed to use it when it is not otherwise in use. 
past year  the use of this facility can be approximately broken down to 
80 percent by Electrical Engineering members of the center, 17 percent 
by Metallurgy and Materials Science members of the center and 3 percent 
by members of the M, I. T. community outside the center. 

During the 

MetaI Crystal Growth Facility 

Professor M. C. Flemings, Faculty Supervisor 

The facility is able to grow high purity metal crystals ranging in melt- 
ing point from that of lead to that of tungsten, i. e. : 327.43OC to 337OOC. 
Alloy single crystals of the same metals can also be grown. Controlled 
orientation of alloy single crysials and bi-crystals can be accomplished and 
lamellar composite eutectic and eutectic-like crystals grown. Small to  
medium size quantities of high purity alloys in polycrystalline form can 
also be prepared. 

Equipment used in the facility include an electron beam crystal growing 
furnace, a high frequency vertical floating zone and horizontal crystal 

growing unit, a horizontal unit for crystal growing in a magnetic field and 
several resistance heated inert atmosphere crystal growing furnaces. 
There is a levitation melting apparatus which includes a splat cooling 
device. 
melting and pouring furnace a re  also available. 

at e10 - ' to r r ,  for  crystals of melting point up to 17OO0C and up to 2" 
diameter. 
samples of high purity polycrystalline alloy, and for metal crystal growth 
of alloys and intermetallics of high melting point and high vapor pressure,  
and a plasma beam float-zone crystal grower is used for metal-refractory 
composite crystals and refractory compounds including refractory metal 
oxides . 

An induction vacuum melting and pouring furnace and an a i r  

Other equipment include a Bridgman furnace for crystal growing 

An a r c  melting furnace is available for preparation of small 

During the past year ,  a wide variety of specimens and crystals have 
In many cases, been prepared for staff members and graduate students. 

graduate students utilized the equipment themselves, with instruction and 
supervision of Mr. Berry. 
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Metal Crystal  Preparation Facil i ty 

Professor  B. L. Averbach, Faculty Supervisor 
George Pis he nin, Engine e ring A s s ist ant 

This facility is equipped t o  orient, cut and anneal metallic single 
crystals.  The crystals  a r e  mounted on goniometers which can be trans- 
fe r red  directly to the cutting apparatus, and orientations a re  obtained by 
means of X-ray back reflection Laue patterns. 
on an abrasive cut-off wheel, a spark cutter, an abrasive string saw and 
an acid string saw. 
cutter. 
crystal  faces. 
duced by cutting are  also available. 

Cutting can be accomplished 

Simple shapes may also be produced on the spark 
An X-ray spectrometer is available for precise orientations of 

Facil i t ies for annealing to  remove the local damage intro- 

Charges to the use r  a r e  based on the t ime consumed on each job. 

Ceramic Materials Processing Facility 

Professor  W. D. Kingery; Faculty Supervisor 

The Ceramics Processing Laboratory, located in Room 4-010, has 

facilities for forming and shaping hard brittle polycrystalline and single 
crystal  materials into complex and precise shapes. Services a re  avail- 
able to  any department of the Institute on a cost-reimbursement basis. 

Some materials can be supplied on a no-charge basis, and other materials 
can be supplied o r  ordered at cost; however, because of the special re- 
quirements of individual users ,  users  of the facility a re  urged to  provide 
their  own materials.  
sketch form accompanied by an Institute requisition. Normally two weeks 
is required for  delivery; panic service can usually be provided, sometimes 
requiring overtime charges. 

Work  is accepted a s  finish drawings o r  in rough 

A partial  list of typical jobs is: 
1. 
2. slotting, coring, dicing, cubing, etc.  
3. cylindrical grinding, inside and outside diameters, thread 

drilling holes with diameters between .010 and 2. 00 inch 

grinding, helical grooving, etc. 
4. grinding plane parallel surfaces 
5. lapping optical finishes on high-fired, dense ceramics Bnd 

hard single crystals  
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6. complex shape sample preparation such a s  Hall effect 
samples, masks for vapor deposition, etc. 

A partial list of typical materials shaped is: 

1. Polycrystalline ceramics such a s  alumina, zirconia, 
magnesia, mullite, spinel, pyroceram, porcelain, fused 
silica, barium titanate, silicon carbide, boron carbide, 
titanium diboride. 

2. Single crystals such a s  sapphire, ruby, garnet, quartz, 
zinc oxide, zinc telluride, zinc antimonide, cadmium 
sulfide, gallium antimonide, lithium fluoride, indium 
antimonide. 

3. Hard metals such a s  tungsten, tungsten alloys, molybdenum, 
various intermetallics. 

4.  Mineral samples such as  quartz crystals, feldspar, granite, 
rock samples, meteorites, coral. 

Some machines a re  available for student use under supervision. These are:  
1. air-abrasive unit - cuts small  holes and slots, abrades, 

deburrs and cleans metals, plastics, ceramics, refractory 
metals, etc. 

2. air-rotor drill (industrial dental drill) 

3. diamond cut-off saws - make straight cuts on full range 
of ceramics from talc to  sapphire. 

The remaining machines, a 10-inch lathe, a milling machine, two 
dr i l l  presses ,  two surface grinders, two ultrasonic impact grinders, a 
large band saw, and an automatic lapping machine, all diamond-tool equip- 

ped, a re  restricted to  use by trained operators. 

Central Facility for Electron Microscopy 

Professor J .  F .  Breedis, Faculty Supervisor 
Robert Goss,  Project Technician 

Studies of materials using high-resolution electron microscopy 
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methods can be performed in this facility. Equipment includes three 
electron microscopes (a Siemens Elrniskop I, a JEM-7 and a Philips 
E M  100B), a high resolution electron diffraction attachment capable of 
heating to 1000°C, evaporators for the preparation of replicas, devices 
for different methods of foil preparation, and complete photographic 
facilities including an automatic-dodging LogEtronics printer. Routine 
investigations of limited duration can be performed by the technician 
assigned to the facility. Otherwise, instruction in the use of equipment is 
provided for those who plan more protracted research programs. Al l  
personnel of the facility a re  available f o r  advice concerning experimental 
difficulties and intrepretation of results. The expenses of servicing equip- 
ment, the wages of the technician and expendable items such a s  photo- 
graphic materials, a re  borne by the users  of the facility. The present 
ra te  of charge is :  $15 per  hour for electron microscopy, $10 per hour for 
the services  of the technician in other work such a s  replica preparation, 
and $5 per  hour for use of.facility equipment. 

X-Ray and Electron Optics Laboratory 

Professor  R. E. Ogilvie, Faculty Supervisor 
Professor  T. 0. Ziebold, Faculty Supervisor 

The X-ray diffraction central facility wi l l  continue to  offer the 
services  performed in the past. 
ing graduate students and technicians from other departments in the Institute 
to  car ry  out routine X-ray diffraction studies. 
its own personnel to  perform the necessary experiments for members of the 
Institute. Most of this work has consisted of orienting single crystals, 
identifying unknown materials and precision lattice parameter measurements. 

These services have consisted of teach- 

The facility has also used 

The electron microanalyzer has become a general service instrument 
for the Materials Science Center. 
instrument is well suited include analysis of diffusion couples, distribution 
of elements in a reas  of dendritic segregation, identification of inclusions, 
and the analysis of thin films. 

able to  the members of the Institute. 
suited for the study of irregular or fractured surfaces, but has been applied 
to the examination of biological materials, and conventional metallurgical 
polished specimens. 
X-ray detector for  qualatative analysis of inclusions and precipitates. 

Examples of the work for which this 

The laboratory has a scanning electron microscope which is avail- 
This instrument is not only well 

We have just installed a non-dispersive solid state 
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With this system we hope to be able to  analyze sub micron areas. 

of the laboratory technicians. In special cases, graduate students under 
the supervision of one of the laboratory employees will be able to use the 
equipment on his own. 

The work performed in this laboratory wi l l  be carr ied out by one 

X-ray and Low-Energy Electron Diffraction Laboratory 

Professor D. P. Shoemaker, Faculty Supervisor 

A General Electric XRD-5 X-ray generator with two X-ray tubes is 
available for  taking X-ray diffraction photographs a s  needed for structure 
investigations or for orienting crystals. If the user  does not have his own 
diffraction equipment, other equipment in the laboratory can generally be 
borrowed including a back-reflection Laue camera with a Polaroid film 
cassette. 
research group. 

Unit, complete with test chamber, vacuum system, bakeout over, and all 
needed gauges and controls. 
and soon to  be installed is an attachment for Auger spectroscopy. This 
equipment can be used for study and analysis of ultra-clean surfaces of 
crystals and of chemisorbed layers. 
by Professor  Shoemaker's research group, in particular by Mr. John G. 
Keil in his Ph. D. thesis research sufaces of 11-VI semiconductor compounds. 
The facility has also been used in a study of Dr.  Leo Feinstein and M r .  
Max Taylor for Dr. Sol Gilman, NASA Electronics Research Center 
(Cambridge, Massachusetts), on preparation of ultra-clean platinum 
surfaces. 

awn crystal preparative and manipulative work, supply needed materials, 
and do his own interpretation of results. 

Usage of this facility Gas been mainly by Professor  Shoemaker's 

The laboratory also has a Varian Low-Energy Electron Diffraction 

Also available is a partial pressure analyzer, 

Usage of this facility has been mainly 

In all cases, the user  of these equipments is expected to  do all his 

Surfaces and Interfaces Central Facility 

R. M. Pelloux, Faculty Advisor 
L. Sudenfield, Technician 

At this time the central facility of the surfaces and interfaces 
phenomena group is equipped with a transmission electron microscope and 
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a scanning electron microscope and their supporting accessories. 

ment (Model Mark I1 - 1969). 
of 30 kv, a tilting stage (tilt - 45'. rotation 360') and a resolving power of 
the order  of 250 Angstroms. 
electron emission mode and in back scattered electron emission. 

tool is ideally suited for fracture research because of the large depth of 
field and the large range of magnification. 
studies of crack initiation in fatigue, of cracks in bearings, fracture of 
composite materials, texture of electrodeposited films have shown the ver- 
satility of the scanning microscope. This unit can also be used to study 
the microstructure of alloys when the phases have a marked difference in 
electron emission. 

with a tilting stage ( - loo ) and hot and cold stages. 
best suited for replica work to study microstructure and fractures surfaces. 
With one step or two step replicas the average resolving power is of the 
order  of 80 Angstroms which is adequate for most work. 
allows excellent stereomicrographs to be taken at high magnification. 

The scanning electron microscope is a Stereo Scan Cambridge Instru- 
This unit has a maximum accelerating voltage 

The Stereo Scan can be operated in secondary 

+ 

This 

During the past months the 

The transmission electron microscope is an Hitachi H 11 (model 1962) 
-I- This microscope is 

The tilting stage 

The facilities also include stereoviewer, stereozoom optical micro- 
scope, vacuum evaporator for the preparation of carbon replicas and 
coating of specimen for scanning microscopy. 

The facilities a re  readily available to the staff of the Center and to  
other members of the M. I. T. Community. 
staff or by the customer after proper training. 
at a nominal fee by the Center. 

The work can be handled by the 
Time and labor a re  charged 

Gas Analyzer Mass Spectrometer Facility 

Professor  J. F. Elliott, Faculty Supervisor 

A gas analyzer is used to  analyze the molecular beam from a Knudsen 
or Langmuir effusion cell. 
the identification' of vapor species, and under limited conditions for the 
determination of ratios of concentrations of vapor species. 

This small mass  spectrometer is suitable for 
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